Investigating the role of Silicon on the electrochemical properties of powder metallurgy stainless steels by unknown


  
 
 
 
 
 
 
© Junaid Ahmed 
2016 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 This work is dedicated to our beloved Prophet Mohammad ﷺ and His family. 
 
 
 
 
 
  
 i 
 
ACKNOWLEDGMENTS 
Firstly, all praise is due to Allah Almighty and countless blessings on Prophet 
Mohammad (P.B.U.H). I would like to express my sincere gratitude to my advisor Dr. 
Ihsan ul Haq Toor for his continuous support, patience, motivation during my study and 
research. His guidance helped me in the completion of my research and in thesis writing. 
I could not have imagined having a better mentor for my M.Sc. study. Besides my 
advisor, I would like to thank my thesis committee: Dr. Tahar Laoui and Dr. Mohammad 
Abdul Samad, for their insightful comments and encouragement. I am grateful to 
Mechanical Engineering department and KFUPM as a whole for giving me a chance to 
work. 
My sincere thanks also go to Latif Hashmi and Sadaqat Ali, who helped me in 
various ways to carry out my research. I would like to appreciate my friends Annas, Arif, 
Irfan, Khan, Moath for the stimulating discussions and for all the fun we have had in our 
three years. Also I thank my friends in the following institution  
Most importantly, I must express my deep and profound gratitude to my beloved 
parents, my brother and sisters for supporting me spiritually throughout my education and 
my life in general. 
 
 
 
 ii 
 
TABLE OF CONTENTS 
 
ACKNOWLEDGMENTS ................................................................................................... i 
TABLE OF CONTENTS ................................................................................................... ii 
LIST OF TABLES .............................................................................................................. v 
LIST OF FIGURES .......................................................................................................... vi 
LIST OF ABBREVIATIONS .......................................................................................... xii 
ABSTRACT ..................................................................................................................... xiii 
ﺔﻟﺎﺳﺮﻟا ﺺﺨﻠﻣ ........................................................................................................................ xv 
Chapter 1 CHAPTER 1 INTRODUCTION ...................................................................... 1 
1.1. Introduction to steels ........................................................................................ 1 
1.2. Fe-Cr phase diagram ........................................................................................ 3 
1.3. Powder Metallurgy (PM) ................................................................................. 5 
Chapter 2 CHAPTER 2...................................................................................................... 7 
LITERATURE REVIEW ............................................................................................ 7 
2.1. Nano-structured SSs ......................................................................................... 7 
2.2. Corrosion resistance of SSs .............................................................................. 9 
2.3. Effect of alloying additions on the properties of SSs ................................... 10 
2.4. Mechanical Alloying (MA) and Milling ........................................................ 15 
 iii 
 
2.5. Spark Plasma Sintering (SPS) ....................................................................... 19 
2.6. PM SSs and their corrosion behavior ........................................................... 23 
2.7. Advanced electrochemical techniques for corrosion testing of SSs............ 27 
2.7.1. Electrochemical Impedance Spectroscopy (EIS) technique ......................... 27 
Motivation .................................................................................................................... 32 
Objective ...................................................................................................................... 33 
Chapter 3 CHAPTER 3.................................................................................................... 34 
3. MATERIALS AND METHODS ............................................................................. 34 
3.1. Raw Materials ............................................................................................... 34 
3.2. Alloy Preparation by Mechanical alloying (MA) ......................................... 34 
3.3. Spark Plasma Sintering ................................................................................. 36 
3.4. Characterization of sintered specimens ........................................................ 39 
3.5. Electrochemical Investigations ..................................................................... 40 
Chapter 4 CHAPTER 4.................................................................................................... 43 
RESULTS AND DISCUSSION ................................................................................. 43 
4.1. Ferritic Stainless Steels Fe(82-x)-Cr18 -Six (x = 0, 1, 2, 3) ................................ 44 
4.1.1. Alloy development by mechanical alloying ................................................. 44 
4.1.2. SPS of ball milled powders ........................................................................... 58 
4.1.3. Microstructural Investigations of sintered alloys .......................................... 64 
4.1.4. Electrochemical Investigations ..................................................................... 70 
4.1.5. Passive film analysis by using XPS .............................................................. 93 
 iv 
 
4.2. Austenitic Stainless Steels [Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3)] ................... 96 
4.2.1. Alloy development by MA ........................................................................... 96 
4.2.2. SPS of ball milled Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3) alloys ...................... 110 
4.2.3. Effect of Si content on the corrosion properties ......................................... 114 
Chapter 5. CONCLUSIONS .......................................................................................... 126 
REFERENCES .......................................................................................................... 130 
Vitae ........................................................................................................................... 137 
 
 v 
 
LIST OF TABLES 
Table 3.1: Specifications of as received powders ............................................................. 34 
Table 3.2: SPS process parameter for optimization .......................................................... 38 
Table 4.1: PDP results of Fe80-Cr18-Si2 alloy sintered at three different temperature in 
0.2M NaCl and 0.5M H2SO4 solutions ............................................................................. 72 
Table 4.2: PDP results of Fe(82-x)-Cr18 -Six (x = 2) alloy sintered at three different holding 
time in 0.2M NaCl and 0.5M H2SO4 solutions ................................................................. 74 
Table 4.3: Summary of EIS data obtained after curve fitting with CPE model................ 82 
Table 4.4: Summary of EIS data obtained after curve fitting by CPE model ................... 82 
Table 4.5 PDP results of Fe(82-x) -Cr18 -Six (x = 0, 1, 2, 3) sintered alloys in 0.2M NaCl 
and 0.5M H2SO4 solutions ................................................................................................ 87 
Table 4.6: Summary of EIS results of Fe(82-x) -Cr18 -Six (x = 0, 1, 2, 3) alloys obtained 
after curve fitting by CPE model ...................................................................................... 92 
Table 4.7: Summary of EIS results of  Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3) alloys obtained 
after curve fitting by CPE model .................................................................................... 122 
  
 vi 
 
LIST OF FIGURES 
Figure 1.1: Effect of Cr addition on the corrosion rate of carbon steel .............................. 1 
Figure 1.2: Equilibrium phase diagram of Fe-Cr system .................................................... 5 
Figure 2.1: Effect of alloying elements on the pitting potential of   
Fe-18Cr-14Ni SSs ............................................................................................................. 12 
Figure 2.2: Working principle of mechanical alloying ..................................................... 16 
Figure 2.3: Working principle of size reduction during MA ............................................ 17 
Figure 2.4: Working principle of spark plasma sintering process .................................... 20 
Figure 2.5: Flow of DC pulsating current through powder particles in SPS process ....... 21 
Figure 2.6: Generation of plasma due the spark generated because of the DC   
pulsating current during SPS ............................................................................................ 22 
Figure 2.7: Neck formation between the powder particles due to the flow of DC   
pulsating current during sintering process ........................................................................ 22 
Figure 2.8: Comparison of weight gain with time for nano crystalline vs   
microcrystalline structured Fe-10Cr alloys ....................................................................... 24 
Figure 2.9: PDP curve showing the effect of grain size on the corrosion properties   
of Fe-20Cr alloys prepared by PM.................................................................................... 25 
Figure 2.10: Effect of sintering temperature and Si addition on corrosion   
behavior of 434L alloys .................................................................................................... 26 
Figure 2.11: Bode plot showing the effect of sintering temperature on the  
 corrosion behavior of 409LNb steels ............................................................................... 28 
Figure 2.12: EIS spectra comparing the effect of Nb content on the corrosion   
behavior of austenitic stainless steels ............................................................................... 29 
 vii 
 
Figure 2.13: EIS spectra for as received AISI 316 SSs .................................................... 30 
Figure 2.14: EIS spectra comparing the effect of immersion time on  corrosion   
behavior of AISI 316 SSs ................................................................................................. 30 
Figure 2.15: Effect of Cl-ion concentration on the corrosion behavior of Mo   
containing austenitic stainless steels ................................................................................. 31 
Figure 3.1: Planetary ball mill used in this study.............................................................. 36 
Figure 3.2: SPS FCT-systeme-GmbH used for sintering in this work ............................. 37 
Figure 3.3: Schematic for the offset loading of powders .................................................. 37 
Figure 3.4: Schematic for wet weight calculation to calculate the density of   
sintered specimen .............................................................................................................. 39 
Figure 3.5: Schematic of conventional three electrode system used to carry   
out the electrochemical investigations .............................................................................. 42 
Figure 4.1: XRD of Fe(82-x)-Cr18 –Six (x = 0 & 3) showing the formation of solid   
solution at 5 h,an amorphous phase at 35 h and mechanical crystallization   
of the amorphous phase at 100 h of milling ...................................................................... 47 
Figure 4.2: FE-TEM bright field images of 65 h (a) and 100 h (c) milled   
Fe79 -Cr18 -Si3 powders, SAD pattern of 65 h (b) and 100 h (d) powders respectively..... 49 
Figure 4.3: Effect of milling time of the lattice parameter variation of   
Fe(82-x)-Cr18 -Six (x = 0 & 3) alloy powders ....................................................................... 51 
Figure 4.4: Effect of Si content on the lattice parameter of 100 h milled alloy   
powders ............................................................................................................................. 52 
Figure 4.5: Effect of milling time on the crystallite size variation of   
Fe(82-x)-Cr18 -Six (x = 0 & 3) alloy powders ....................................................................... 53 
 viii 
 
Figure 4.6: Crystallite size variation of Fe(82-x)-Cr18 -Six (x = 0, 1, 2, 3) alloy   
powders ............................................................................................................................. 53 
Figure 4.7: Effect of milling time on lattice strain variation of   
Fe(82-x)-Cr18 -Six (x = 0 & 3) milled alloys ........................................................................ 54 
Figure 4.8: Effect of Si content on lattice strain variation in   
Fe(82-x)-Cr18 -Six (x = 0, 1, 2, 3) alloys milled for 100 h .................................................... 55 
Figure 4.9: SEM images showing the morphology of Fe( 82-x) Cr18 Six (x = 0)   
milled powders. a)0 h, b) 10 h, c) 65 h, d) 100 h .............................................................. 56 
Figure 4.10: SEM images showing the morphology of Fe( 82-x) Cr18 Six (x = 3)   
milled powders. a)0 h, b) 10 h, c) 65 h, d) 100 h .............................................................. 57 
Figure 4.11: Effect of sintering temperature on the densification of   
Fe(82-x)-Cr18-Six (x = 2) alloys ........................................................................................... 59 
Figure 4.12: Effect of holding time on the densification of Fe(82-x)-Cr18-Six (x = 2)  
 alloys ................................................................................................................................ 61 
Figure 4.13: Effect of heating rate on the densification of Fe(82-x)-Cr18-Six (x = 2)   
alloys ................................................................................................................................. 61 
Figure 4.14: Effect of Si content on the a) Densification, b) Micro hardness of   
Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3) sintered alloys .................................................................. 64 
Figure 4.15: Secondary electron SEM image of polished surface samples   
sintered at different conditions .......................................................................................... 65 
Figure 4.16: BS-SEM images of Fe(82-x)-Cr18-Six (x = 2) alloys sintered at   
different conditions ........................................................................................................... 66 
Figure 4.17: Microstructure of Fe18Cr2Si alloy. a) BSE-SEM images showing   
 ix 
 
the compositional contrast. b) HAADF STEM image revealing the Cr-rich   
precipitate inside Fe rich matrix. c) BF-TEM image showing the lath like structure   
of Cr-rich precipitates. d) BF-TEM image showing the equiaxed grains with   
the inset showing untextured BCC phase ......................................................................... 68 
Figure 4.18: EDX analysis of Fe(82-x)-Cr18-Six (x = 2) sintered alloy, Dark regions   
are Cr enriched while grey regions are Fe enriched. ........................................................ 69 
Figure 4.19: PDP curves showing the effect of sintering temperature on the   
corrosion behavior of Fe(82-x)-Cr18 -Six (x = 2) alloy a) 0.2M NaCl   
b) 0.5M H2SO4 solution. ................................................................................................... 73 
Figure 4.20: PDP curves showing the effect of sintering temperature on the   
corrosion behavior of Fe(82-x)-Cr18 -Six (x = 2) alloy a) 0.2M NaCl   
b) 0.5M H2SO4 solution. ................................................................................................... 75 
Figure 4.21: Effect of sintering temperature on the polarization resistance of   
Fe(82-x)-Cr18 -Six (x = 2) sintered alloys in a) 0.2M NaCl, b) 0.5M H2SO4 solution ......... 77 
Figure 4.22: Effect of sintering holding time on the polarization resistance of   
Fe(82-x)-Cr18 -Six (x = 2) sintered alloys in a) 0.2M NaCl solution, b) 0.5M H2SO4 ......... 78 
Figure 4.23: CPE model used for curve fitting ................................................................. 80 
Figure 4.24: Nyquist plot of the samples sintered at different temperature   
along with fitting by CPE model a) 0.2M NaCl b) 0.5M H2SO4 solution ........................ 81 
Figure 4.25: Nyquist plot of the samples sintered with different holding time   
along with CPE fitting a) 0.2M NaCl, b) 0.5M H2SO4 solution ....................................... 83 
Figure 4.26: PDP response of Fe(82-x)-Cr18 -Six (x = 0, 1, 2, 3) sintered alloys   
a) 0.2M NaCl, b) 0.5M H2SO4 solutions .......................................................................... 87 
 x 
 
Figure 4.27: Linear polarization response of Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3)   
sintered alloys in a) 0.2M NaCl, b) 0.5M H2SO4 solutions .............................................. 90 
Figure 4.28: EIS (Nyquist Plot) response of Fe(82-x) Cr18-Six (x = 0, 1, 2, 3)   
sintered alloys in a) 0.2M NaCl, b) 0.5M H2SO4 solutions .............................................. 93 
Figure 4.29: XPS analysis of Fe(82-x)-Cr18-Six (x = 0, 1, 3) alloys, a) Fe2p ,   
b) Cr2p, c) Si2p ................................................................................................................... 95 
Figure 4.30: XRD analysis of ball milled powders taken at different intervals   
of time. A) XRD of Fe73-Cr18-Ni9-Si0 B) Fe71-Cr18-Ni9-Si2 ........................................... 100 
Figure 4.31: TEM bright-field images and selected area electron diffraction   
patterns of Fe71-Cr18-Ni9-Si2. a) 5 h milled powder, b) SAD pattern of 5 h milled  
 powder. SAD pattern matched with the α-phase, c) 20 h milled powder,   
d) SAD pattern of 20 h milled powder showing amorphous phase,   
e) 160 h-annealed powder, f)SAD pattern of 160 h-annealed powder and it   
matches with γ-phase ...................................................................................................... 102 
Figure 4.32: SEM morphology of Fe73 -Cr18 –Ni9 milled powders, a) 0 h, b)20 h,   
c) 60 h, e)100 h, f)160 h, E) 160 h milled and annealed at 1100 °C............................... 104 
Figure 4.33: SEM morphology of Fe73 -Cr18 –Ni9 –Si2 milled powders,   
a) 0 h, b)20 h, c) 60 h, e)100 h, f)160 h, E) 160 h milled and annealed at 1100 °C ....... 105 
Figure 4.34: Effect of Si on the powder morphology of 160 h milled and   
subsequently annealed at 1100 °C .................................................................................. 106 
Figure 4.35: Lattice parameter variation of Fe(73-x)-Cr18-Ni9-Six (x = 0, 2) alloy   
with milling time ............................................................................................................. 108 
Figure 4.36: Lattice parameter variation of Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3)   
 xi 
 
alloy milled for 160h and annealed at 1100 °C .............................................................. 108 
Figure 4.37: Crystallite size variation of Fe(73-x) -Cr18 -Ni9-Six (x = 0, 2) alloy   
with milling time. ............................................................................................................ 109 
Figure 4.38: Crystallite size variation of Fe(73-x)-Cr18-Ni9 -Six (x = 0, 1, 2, 3) alloy   
milled for 160h and annealed at 1100 °C........................................................................ 109 
Figure 4.39: XRD spectra of Fe(73-x)Cr18Ni9Six(x = 0, 1, 2, 3) Spark Plasma   
Sintered samples ............................................................................................................. 110 
Figure 4.40: BSE-SEM morphology of Fe(73-x)Cr18Ni9Six(x = 2) sintered specimen   
A) BSE image showing the compositional contrast. B) Magnified image of the   
B) black precipitates C) Magnified image showing the grain size. ......................... 112 
Figure 4.41: Potentiodynamic polarization response of   
Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3) sintered alloys a) 0.2M NaCl   
b) 0.5M H2SO4 solution. ................................................................................................. 117 
Figure 4.42: Effect of wt% Si content on the Rp value a) 0.2M NaCl   
b) 0.5M H2SO4 solutions................................................................................................. 120 
Figure 4.43: Nyquist spectra showing the effect of Si content on the corrosion   
resistance a) 0.2M NaCl b) 0.5M H2SO4 solutions ......................................................... 123 
Figure 4.44: Corrosion mechanism of PM SSs, a) Porosity having the passive layer,   
b) Acidification of the pore leading to the formation of H+ ions in the pore,   
c) Crevice corrosion because of the acidification ........................................................... 125 
 
 xii 
 
LIST OF ABBREVIATIONS 
SSs: Stainless Steels 
MA: Mechanical alloying 
PM: Powder metallurgy 
B:P: Ball to powder ratio 
RPM: revolution per min 
XRD: X-ray diffraction 
SEM: Scanning electron microscope 
BS-SEM: Back scattered SEM 
FE-SEM: Field emission SEM 
TEM: Transmission electron microscope 
STEM: Scanning transmission electron microscope 
SCE: Saturated calomel electrode 
PDP: Potentiodynamic polarization  
LPR: Linear polarization resistance 
EIS: Electrochemical impedance spectroscopy 
Ecorr: Corrosion potential 
icorr: Corrosion current density 
Epit: Pitting potential 
ip: passive current density 
XPS: X-ray photo electron spectroscopy 
SE-SEM: Seconday electron SEM 
 
 xiii 
 
ABSTRACT 
 
Full Name : Junaid Ahmed 
Thesis Title : Investigating the role of silicon on the electrochemical properties of 
powder metallurgy stainless steels 
Major Field : Materials Science and Engineering 
Date of Degree : April. 2016 
 
Stainless steels (SSs), because of their passivation ability and high resistance to 
environmental degradation, have secured wide spread use in automobile parts, nuclear 
reactors and structural applications. To meet varying demands of the industry, many different 
types of SSs have been developed with main constituent elements being Iron, Chromium and 
Nickel. Depending upon composition and processing technique (micro-structurally different) 
SSs are classified into four main groups, Ferritic, Austenitic, Duplex, and Martensitic 
stainless steels. The main problem associated with SSs is their low resistance to localized 
corrosion under Cl-1 concentrated solutions. It has been reported that the addition of Si in Fe-
Cr/Fe-Cr-Ni alloys improve the localized corrosion resistance, passivation ability and pitting 
resistance.  
Grain refinement has a significant influence on the mechanical and electrochemical 
properties of SSs. Nano-structured SSs prepared by powder metallurgy technique have 
secured their applications in many industries including aerospace, automotive, chemical 
processing and medical applications. Densification is the most important factor influencing 
the mechanical and electrochemical properties of PM SSs.   
 xiv 
 
In this work, nano-structured Ferritic [Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3)]and Austenitic 
[Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3)] alloys were developed from pristine elemental powders 
by mechanical alloying (MA). Nano-structured alloy powders were sintered by spark plasma 
sintering (SPS) technique to retain their metastable feature.  SPS process parameters 
(sintering temperature, holding time, applied pressure and heating rate) were optimized to 
obtain maximum densification. Sintering process parameter optimization showed that, 
maximum densification was achieved at 1100 °C, 15 min holding time, 60 MPa of applied 
pressure and 50 degree/min heating rate.  
The effect of Si content on the densification, hardness and electrochemical properties 
showed that with the increase in Si content, densification, hardness and corrosion resistance 
increased as well. The electrochemical investigations showed that, Si has improved the pitting 
corrosion resistance both in Cl-1 and SO-4 concentrated solutions. 
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 ﻣﻠﺨﺺ اﻟﺮﺳﺎﻟﺔ
  اﻻﺳﻢ اﻟﻜﺎﻣﻞ : ﺟﻨﯿﺪ أﺣﻤﺪ
  ق اﻟﻤﻌﺎدن اﻟﻔﻮﻻذ اﻟﻤﻘﺎوم ﻟﻠﺼﺪأأطﺮوﺣﺔ اﻟﻌﻨﻮان: دراﺳﺔ دور اﻟﺴﯿﻠﯿﻜﻮن ﻋﻠﻰ ﺧﺼﺎﺋﺺ اﻟﻜﮭﺮوﻛﯿﻤﯿﺎﺋﯿﺔ ﻣﻦ ﻣﺴﺤﻮ
   ﻋﻠ  ﻢ وھﻨﺪﺳ  ﺔ اﻟﻤ  ﻮاد: اﻟﺘﺨﺼــــــ        ﺺ
  6102ﺗﺎرﯾﺦ اﻟﺪرﺟﺔ اﻟﻌﻠﻤﯿﺔ: أﺑﺮﯾﻞ .
  
ﻌﻤﻞ اﻟﺼﻠﺐ اﻟﻤﻘﺎوم ﻟﻠﺼﺪأ   ﻓﻲ ﻗﻄﺎع واﺳﻊ ﻣﻦ اﻟﺘﻄﺒﯿﻘﺎت ﻛﻘﻄﻊ اﻟﺴﯿﺎرات و اﻟﻤﻔﺎﻋﻼت اﻟﻨﻮوﯾﺔ و اﻟﮭﯿﺎﻛﻞ ﺑﺸﻜﻞ ﯾﺴﺘ
ﻋﺎم  ﺑﺴﺒﺐ  ﻗﺪرﺗﮫ ﻋﻠﻰ اﻟﺘﺨﻤﯿﻞ و ﻣﻘﺎوﻣﺘﮫ ﻟﻠﺘﺂﻛﻞ اﻟﺒﯿﺌﻲ. ﯾﺘﻢ ﺗﺸﻜﯿﻞ اﻟﺼﻠﺐ اﻟﻤﻘﺎوم ﻟﻠﺼﺪأ  ﺑﺸﻜﻞ أﺳﺎﺳﻲ ﻣﻦ اﻟﺤﺪﯾﺪ و 
ﺎﺳﺒﺔ ﻟﻠﺤﺎﺟﺎت  اﻟﺼﻨﺎﻋﯿﺔ اﻟﻤﺘﻌﺪدة، و ﯾﻤﻜﻦ ﺗﻘﺴﯿﻢ اﻟﺼﻠﺐ اﻟﻤﻘﺎوم اﻟﻨﯿﻜﻞ واﻟﻜﺮوم واﻟﺤﺪﯾﺪ ﻟﺘﺮﻛﯿﺐ ﺻﻮر ﻣﺨﺘﻠﻔﺔ ﻣﻨﮫ ﻣﻨ
ﻟﻠﺼﺪأ إﻟﻰ أرﺑﻌﺔ ﻣﺠﻤﻮﻋﺎت رﺋﯿﺴﯿﺔ ﺑﻨﺎء ﻋﻠﻰ  اﻟﺘﺮﻛﯿﺐ اﻟﻜﯿﻤﯿﺎﺋﻲ و طﺮﯾﻘﺔ اﻟﺘﺼﻨﯿﻊ؛ اﻟﻔﻮﻻذ اﻟﻔﺮﯾﺘﻲ واﻟﻔﻮﻻذ 
ﺎوﻣﺔ اﻟﺼﺪأ اﻷوﺳﺘﯿﻨﯿﺘﻲ واﻟﻔﻮﻻذ اﻟﻤﺎرﺗﻨﺴﯿﺘﻲ ودوﺑﻜﻠﺲ اﻟﻔﻮﻻذ. اﻟﻤﺸﻜﻠﺔ اﻷھﻢ ﻟﻠﻔﻮﻻذ اﻟﻤﻘﺎوم ﻟﻠﺼﺪأ ھﻲ ﺿﻌﻒ ﻣﻘ
( ، وﻟﺬﻟﻚ اﻗﺘﺮح اﻟﺒﺎﺣﺜﻮن إﺿﺎﻓﺔ ﻋﻨﺼﺮ اﻟﺴﯿﻠﻜﯿﻮن ﻓﻲ ﺳﺒﯿﻜﺔ اﻟﺤﺪﯾﺪ lC-1اﻟﻤﻜﺎﻧﻲ ﻓﻲ اﻟﻤﺤﺎﻟﯿﻞ اﻟﻤﺮﻛﺰة ب اﻟﻜﻠﻮرﯾﺪ ) 
 و اﻟﻜﺮوم أو اﻟﺤﺪﯾﺪ واﻟﻜﺮوم واﻟﻨﯿﻜﻞ ﻟﺘﺤﺴﯿﻦ ﻣﻘﺎوﻣﺘﮫ ﻟﻠﺼﺪأ اﻟﻤﻜﺎﻧﻲ واﻟﺼﺪأ اﻟﻨﻘﺮي وﺗﻄﻮﯾﺮ ﻗﺪرﺗﮫ ﻋﻠﻰ اﻟﺘﺨﻤﯿﻞ.
ﻋﻠﻰ اﻟﺨﻮاص اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ واﻹﻟﯿﻜﺘﺮوﻛﯿﻤﯿﺎﺋﯿﺔ ﻟﻠﻔﻮﻻذ اﻟﻤﻘﺎوم ﻟﻠﺼﺪأ، وھﻮ ﻣﺎ ﺟﻌﻞ  أﺛﺒﺖ ﺗﺼﻐﯿﺮ اﻟﺤﺒﯿﺒﺎت  ﺗﺄﺛﯿﺮه اﻟﻔﻌﺎل
ﻟﻠﺘﺮﻛﯿﺐ اﻟﻨﺎﻧﻮي ﻟﮭﺬه اﻟﻨﻮع ﻣﻦ اﻟﻔﻮﻻذ واﻟﻤﺒﻨﻲ ﻋﻠﻰ ﺗﻘﻨﯿﺎت ﻣﯿﺘﺎﻟﻮرﺟﯿﺎ اﻟﻤﺴﺎﺣﯿﻖ ﺗﻄﺒﯿﻘﺎت واﺳﻌﺔ ﻓﻲ ﻗﻄﺎﻋﺎت 
ﺎﻣﻞ اﻷھﻢ اﻟﻤﺆﺛﺮ  ﻋﻠﻰ اﻟﺨﻮاص اﻟﻄﯿﺮان واﻟﻤﺮﻛﺒﺎت واﻟﻤﻌﺎﻟﺠﺔ اﻟﻜﯿﻤﯿﺎﺋﯿﺔ واﻟﺘﻄﺒﯿﻘﺎت اﻟﻄﺒﯿﺔ. ﯾﻌﺘﺒﺮ اﻟﺘﻜﺜﯿﻒ ھﻮ اﻟﻌ
  اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ واﻹﻟﯿﻜﺘﺮوﻛﯿﻤﯿﺎﺋﯿﺔ ﻟﻠﻔﻮﻻذ اﻟﻤﻘﺎوم ﻟﻠﺼﺪأ واﻟﻤﻌﺪة ﺑﮭﺬه اﻟﺘﻘﻨﯿﺎت.
(eF37(-)x-rC81-iN9-واﻟﻔﻮﻻذ اﻷوﺳﺘﯿﻨﯿﺘﻲ (eF28(-)x-rC81-iSx )3 ,2 ,1 ,0 = x(ﺗﻢ ﺗﻄﻮﯾﺮ ﺳﺒﺎﺋﻚ اﻟﻔﻮﻻذ اﻟﻔﺮﯾﺘﻲ)
ﯿﺔ اﻟﻨﻘﺎوة ﺑﺘﻘﻨﯿﺔ اﻟﺴﺤﻖ اﻟﻤﯿﻜﺎﻧﯿﻜﻲ، واﻟﺘﻲ ﺗﻢ ﺗﻠﺒﯿﺪھﺎ ﺑﺘﻘﻨﯿﺔ اﻟﺘﻠﺒﯿﺪ ﻣﻦ اﻟﻤﺴﺎﺣﯿﻖ اﻷوﻟﯿﺔ ﻋﺎﻟ x( iSx  ))3 ,2 ,1 ,0=
ﺑﺎﻟﺒﻼزﻣﺎ واﻟﺸﺮارة اﻟﻜﮭﺮﺑﺎﺋﯿﺔ ﻟﻠﺤﻔﺎظ ﻋﻠﻰ ﻣﯿﺰة  ﺷﺒﮫ اﻻﺳﺘﻘﺮار. ﺗﻤﺖ ﻣﻮازﻧﺔ ﻣﺘﻐﯿﺮات ﻋﻤﻠﯿﺔ اﻟﺘﻠﺒﯿﺪ ) درﺟﺔ اﻟﺤﺮارة 
ﯿﺔ اﻟﻤﻮازﻧﺔ أن اﻟﻤﺘﻐﯿﺮات ﻣﻌﺪل اﻟﺘﺴﺨﯿﻦ( ﻟﻠﺤﺼﻮل ﻋﻠﻰ أﻋﻠﻰ ﻛﺜﺎﻓﺔ ﻣﻤﻜﻨﺔ، وﻧﺘﺞ ﻋﻦ ﻋﻤﻠ –اﻟﻀﻐﻂ  –وﻗﺖ اﻟﻌﻤﻠﯿﺔ  –
 ﻟﻠﻀﻐﻂ  و   aPM 06دﻗﯿﻘﺔ ﻛﻮﻗﺖ ﻟﻠﻌﻤﻠﯿﺔ و  51و   0011oCاﻷﻓﻀﻞ ﻟﻠﺤﺼﻮل ﻋﻠﻰ أﻋﻠﻰ ﺗﻜﺜﯿﻒ ھﻲ درﺟﺔ ﺣﺮارة 
  ﻛﻤﻌﺪل ﺗﺴﺨﯿﻦ.   05onim/C
  ivx
 
أﺛﺒﺘﺖ دراﺳﺔ إﺿﺎﻓﺔ ﻋﻨﺼﺮ اﻟﺴﯿﻠﯿﻜﻮن  أن اﻟﺘﻜﺜﯿﻒ واﻟﺼﻼﺑﺔ وﻣﻘﺎوﻣﺔ اﻟﺼﺪأ ﺗﺰﯾﺪ ﺑﺰﯾﺎدة ﻛﻤﯿﺔ اﻟﺴﯿﻠﯿﻜﻮن.  أﺛﺒﺘﺖ 
اﻹﻟﯿﻜﺘﺮوﻛﯿﻤﯿﺎﺋﯿﺔ  أن إﺿﺎﻓﺔ اﻟﺴﯿﻠﯿﻜﻮن  ﺣﺴﻨﺖ ﻣﻦ ﻣﻘﺎوﻣﺔ اﻟﻔﻮﻻذ ﻟﻠﺼﺪأ اﻟﻨﻘﺮي ﻓﻲ اﻟﻤﺤﺎﻟﯿﻞ اﻟﻤﺸﺒﻌﺔ  اﻟﺘﺤﻠﯿﻼت
  . OS-4و اﻟﻜﺒﺮﯾﺘﺎت lC-1ﺑﺎﻟﻜﻠﻮرﯾﺪ 
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Chapter 1 CHAPTER 1 
INTRODUCTION 
1.1.  Introduction to steels 
In metallurgy, word ‘steel’ implies that Fe being the main constituent of the material 
while the word “stainless” is the ability of the material to resist staining. From 
metallurgical point of view, to impart “stainless behavior” to steels, the amount of Cr 
added to Fe must be at least 13 wt%. At this level of Cr addition, a very thin layer of 
chromium oxide will develop on the surface of steel and have the tendency to self-heal 
and protect steel from corrosion.  
 
Figure 1.1: Effect of Cr addition on the corrosion rate of carbon steel 
In  spite  of  the  high  thermodynamic  reactivity  of  metals,  what  makes  our  
metals-based civilization  possible  is  the  phenomenon  of  passivity  [1]. Passivity  infers  
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kinetic  stability  of reactive metals in contact with oxidizing aqueous environments, when 
thermodynamics indicates a large driving force (negative change in the Gibbs free energy) 
for the reaction of the  metal with oxygen  (either  from  O 2 or  H2O) [1].  The  observed  
kinetic  stability  is  due  to  the  formation  of  a “passive” reaction product/ film on the 
surface that effectively isolates the reactive metal from the corrosive environment. The 
passive layer on stainless steels exhibits a truly remarkable property: when damaged (e.g. 
abraded), it self-repairs as Cr in the steel reacts rapidly with oxygen and moisture in the 
environment to reform the oxide layer [2]. Increasing the Cr content beyond the minimum 
of 13% confers still greater corrosion resistance which may be further improved by the 
addition of 8% or more Ni. The addition of Mo further increases corrosion resistance (in 
particular, resistance to pitting corrosion), while nitrogen increases mechanical strength 
and enhances resistance to pitting. Modern SSs, besides Cr, also contain some other 
alloying elements to enhance some other specific properties and to obtain the required. 
Micro-structurally, stainless steels can be classified into several main classes. These 
are  
1. Ferritic SSs 
2. Austenitic SSs 
3. Martensitic SSs  
4. Duplex SSs 
All of these classes are different from one another and have different chemical and 
mechanical properties.  
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Stainless steel was invented by Monnartz a century ago and suggested its use 
in cutlery because of its corrosion resistance against attack by some acids [3]. In early 19th 
century, it was very difficult to produce SSs with very low carbon and high Cr content but 
with the advent of modern techniques of melting like induction melting, arc melting, it 
became easy to produce SSs with required compositions. 
SSs found their uses in different industries like oil and gas, desalination, automotive, 
medical and nuclear applications [4]. In automotive industry, the use of Ferritic SSs has 
had a long history and is very well documented. They found their use in the vehicles 
moving on the road as well as have been employed in the manufacturing of sea surfers [5]. 
The 15-5 PH SSs are the best available material for the manufacturing of high speed air 
planes and 316L are being used in the manufacturing of coronary stents. SSs are also used 
for the manufacturing of vessels used for storing the radioactive waste from nuclear 
industry. Duplex SSs are used in making Ferro-plugs which are utilized for temperature 
measurement below about 600 °C. The measurement of contact pressures during 
indentation testing, investigation of stresses in sliding tests, uses the phenomenon of 
transformation of γ to α [6]. 
1.2. Fe-Cr phase diagram 
Equilibrium system can be defined as, a system with minimum free energy at a given 
temperature and pressure i.e. there is no excess energy and consequently no driving force to 
cause any change. In a system involving many constituent elements/ phases, it is necessary 
to consider the free energies of all the constituent elements and phases. The concept of 
chemical potential or activity is a consequence of the relationship between the free energies 
of all the phases and their compositions. The calculation of equilibrium phase diagrams 
 4 
 
requires knowledge of free energy-phase composition relation as a function of temperature. 
In fact, the intrinsic free energies are not known and it is the difference in free energy with 
respect to a known common reference state is employed. Various methods like first 
principle and optimization of thermodynamic parameters are used to express the free energy 
and the interaction between atoms [7]. 
First Fe-C phase diagram was developed in 1899 and then experimental research is 
going on to develop other phase diagrams. To develop phase diagrams, experimental 
techniques like optical microscopy, XRD, chemical analysis, DSC, dilatrometery and TEM 
are frequently employed but the fact is, to develop a simplest phase diagram enormous work 
is required. 
Fig. 1.2 shows the experimentally calculated Fe-Cr phase diagram where there are three 
important regions [8]. 
 Existence of two phase region called gamma loop separating the ferrite and 
austenite regions. 
 Formation of intermetallic σ-phase. 
 Separation of ferrite regions into α and α’ regions at low temperature.  
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Figure 1.2: Equilibrium phase diagram of Fe-Cr system 
1.3. Powder Metallurgy (PM) 
PM is getting popular day by day as it is a cheap route for the manufacturing of small 
components with complex shapes and there is no metal loss from machining and finishing 
[9].  PM offers some other advantages such as good precision in dimensions, high surface 
quality, broad chemical composition, good physical and mechanical properties. There are 
many emerging applications of PM parts in automotive industry as well as in oil and gas 
sector [5].  The sintered components are designated for engine parts, gear boxes, shock 
absorbers, cams, sprocket, synchronizer and brake systems.  Applications for  offshore  
include  metallic  filters,  anti-corrosive  painting,   thermal  spray  coatings,  valve  body,  
elbow raiser and there are many more [7]. 
 Use of PM parts in automotive industry includes, ABS (antilock brake sensors) that is 
made from Ferritic SSs made because of their soft magnetic nature. Their oxidation 
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properties made them best choice for applications like turbo compressors, solid oxide fuel 
cells and parts of automotive exhausts. 
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Chapter 2 CHAPTER 2 
LITERATURE REVIEW 
2.1.  Nano-structured SSs 
Research have shown that grain refinement can improve both the corrosion and 
mechanical properties; however, grain refinement was limited to a few microns [4]. A 
nanocrystalline structure in SSs has been reported to impart significantly higher oxidation 
resistance (owing to greater Cr diffusion and ease of formation of compact Cr-oxide layer), 
and mechanical properties as compare to conventional coarse grain counterparts of the same 
chemical composition [10]. The credit of unique properties of nano-crystalline materials 
goes to very fine grain size and a large number of structural/crystal defects, i.e., grain 
boundaries and triple points [10]. Such a high fraction of structural defects in nano-
crystalline materials can lead to a significant increase in free energy which may increase the 
reactivity of the material. This phenomenon is expected to have a dual effect on corrosion 
behavior which depends upon material/environment system as reviewed in [11]. In 
passivating electrolytes (i.e., stainless steel in many aqueous environments) a 
nanocrystalline structure has been reported to impart an improvement in corrosion 
resistance, whilst in depassivating electrolytes a decrease in corrosion resistance is reported 
[12]. 
Diffusivity of alloying/impurity elements in nanocrystalline materials are reported to be 
significantly higher than that in conventional coarse grained materials due to considerably 
higher volume fraction of grain boundaries [12]. Detailed discussion of the diffusion 
processes in the Nano crystalline material is reported elsewhere [13]. The increase in the 
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diffusivities of solute/impurity atoms in nanocrystalline alloys (and Cr in SS [13]) was 
reported to influence corrosion behavior. However, recently it was proposed that the 
diffusion coefficient of Cr in SSs at room temperature, even in nanocrystalline alloys, was 
too low to cause any significant influence on corrosion behavior of SSs [14]. These 
contradicting views related to the influence of diffusion on corrosion at room temperature 
require further investigations. 
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2.2. Corrosion resistance of SSs 
The corrosion resistant property of stainless steels is because of the presence of very 
thin, typically 1-3nm thick, film called passive film and the phenomenon of film formation 
is called passivation [15]. For the understanding of growth and kinetics of passive film 
formation, various theories have been put forth. Earliest one is known as “High Field 
Model” which assumes that, the formation and growth of the passive film is controlled by 
“cation” transfer rate between adjacent lattices with in the passive film [4]. Then later, 
“The Mott-Cabrera” model was proposed and it states that, diffusion of metal ions from 
metal to film at metal/passive film interface is the most important step which determines 
the formation and growth of the [16]. It was then modified by Fehlner and Mort and stated 
that, the rate determining step of film formation is the diffusion of “anion” from 
electrolyte into passive film at electrolyte/film interface [17]. The most comprehensive 
model of passive film was proposed by Macdonald and co-workers. This model is known 
as “Point defect model” (PDM) which account for the mobility of both positive and 
negative ions, vacancy, cation and anion interaction, and the reactions carrying out at the 
passive film/electrolyte and metal/passive film interface. The PMD has also been extended 
to study the breakdown of passive film and the role of alloying element on the passive 
film formation [4].  
After detailed investigation on passivity of SSs, it is now well established fact that, the 
addition of Cr to Fe leads to the improvement in corrosion properties. The addition of Cr 
causes the enlargement of pH region of stable passivity, decrease in passive current 
density, repassivation potential shifts to more negative potential, pitting resistance 
increases significantly. The formation of passive film is attributed to the selective 
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dissolution of Fe and formation of Cr-oxide. The role of alloying elements on the 
formation of passive film has been studied widely. And suggested that, Cr content >50% 
in passive film is essential for its stability. The % of Cr content in passive film increases 
with the increase in Cr content of the alloy. Passive films are susceptible to break down in 
aggressive solutions, pH changes and temperature.  Breakdown of passive films lead to a 
phenomenon called “pitting”.  
Pitting can be characterized in three stages: [4] 
(1) Pit initiation or nucleation caused by the breakdown of the passive film. Nucleation 
events are followed by repassivation. 
(2) Metastable pitting where pit growth stops on the verge of stability. Metastable pits 
grow for a finite time and size before repassivation. Metastable pitting is proposed to be a 
measure of pitting susceptibility. 
(3) Pit growth where pits grow as long as the pit interior can maintain the sufficiently 
aggressive electrolyte such that repassivation is prevented. 
2.3. Effect of alloying additions on the properties of SSs 
Alloying elements in SSs are added to improve mechanical and corrosion properties or 
to obtain a specific microstructure.  A very common way to index the corrosion resistance 
of SSs is PRE (Pitting Resistance Equivalent) which is evaluated as PRE = %Cr + 3.3 
%Mo + 16 %N. From the equation, it can be deduced that, Cr, Mo and N play the most 
important role in improving the pitting corrosion resistance of SSs. Let’s discuss the role 
of different alloying additions in SSs 
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Carbon is an important alloying addition in all Fe based alloys and is present in almost 
all grades of SSs and heat resistant alloys.  The percentage of carbon is kept to low levels 
in all austenitic, ferritic, and duplex stainless steels to retain the desired microstructure and 
mechanical properties. In martensitic SSs, carbon plays a very important role in increasing 
the strength and hardness because it forms martensitic structure. The effect of Carbon on 
the electrochemical properties can be studied by determining the form of carbon in the 
alloy.  If it is present in combined form with Cr by forming chromium carbide, it will 
decrease the corrosion resistance of the steel. As it remove the Cr from the bulk and thus 
decreasing the amount of Cr available to provide corrosion resistance to the alloy. This 
detrimental effect of carbon is because of the slow cooling of hot worked or annealed 
samples. This slow cooling resulted in an unwanted precipitation of Cr-carbide at the grain 
boundaries and this phenomenon of precipitation of Cr-carbide at grain boundaries is 
known as “sensitization”. This precipitation of carbide decreases the corrosion properties 
and making the steel vulnerable to localized corrosion i.e. intergranular corrosion at the 
grain boundaries following the carbide phase [18]. 
Cr plays the most important role in imparting the corrosion resistance of steel as the high 
reactive nature of chromium laid the principle for the addition of chromium in SSs. As 
discussed in section 2.2 that, good corrosion resistance of SSs is because of the formation of 
a protective and adherent passive film that protects the substrate from corrosion. The passive 
layer is of the order of 1-2nm thin. But it imparts high corrosion resistance. It has also been 
explained that the corrosion resistance to iron-chromium alloys increases as the chromium 
content increases [18]. 
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Si is not only a very good deoxidizer in SSs but also improve their oxidation resistance 
and reported to increase hardness and reduces ductility [19] Toor et al. have reported that, 
addition of Si helps to increase the pitting corrosion resistance of the alloys [20]. 
Thomasov et al. studied  the  effect  of  various  alloying  elements  on  the  variations  in  
the  intensity  and  nature  of  pitting  corrosion  as  well  as  the  mechanisms  involved  in  
rendering  stainless steels less susceptible to pitting corrosion by the specific effect of the 
alloying elements [21].  
 
 
Figure 2.1: Effect of alloying elements on the pitting potential of Fe-18Cr-14Ni SSs  
Fig. 2.1 illustrates the effect of different alloying elements on the corrosion rate of Fe-
18Cr-14Ni SSs in a 0.5N FeCl3 solution. Increase in Mo, Ni, N, Mn will increase the 
pitting corrosion resistance while increase in C will decrease the pitting resistance and the 
steel will be prone to localized corrosion. 
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The maximum amount of Molybdenum added in SSs is up to 8% but generally it is 
added in the range of 2 to 4%. Even with such small percentages of Mo, it plays a powerful 
role in improving the pitting corrosion resistance and crevice corrosion resistance of both 
Fe-Cr and Fe-Cr-Ni alloys especially in chloride environments [22]. 
Mn acts as a deoxidizer in liquid metal and also imparts specific properties. Mn has a 
high affinity towards oxygen forming MnO and with Sulphur forming MnS. The formation 
of MnS is very beneficial as Sulphur in the absence of Mn reacts with Fe and causes hot 
shotness and cold shotness [22].  
Since the objective of the research was to investigate the corrosion properties of Si 
containing SSs, the following paragraphs will review the effect of Si on the 
electrochemical behavior of SSs. 
Most commercially produced stainless steels (SSs) contain Si as alloying additions 
because Si acts as oxygen absorber in liquid metal. Moreover, it is been reported that, the 
small addition of Si content increases high temperature oxidation resistance of wrought 
stainless steels in both austenitic [23] and ferritic SSs [24]. It is also been reported that, the 
addition of Si to SSs also suppresses breakaway oxidation at high temperature [24]. The 
advantageous effect of Si is because of the formation of Silica at the interface of external 
Chromia layer and the base metal. Which acts as diffusion barrier for cation transport [23, 
24]. Some authors also suggest the increase in oxidation resistance is because of the 
discontinuous network of Silica particles both at and beneath the Steel-Chromia interface 
[25]. Thus Silica acts to reduce the flow of cation from bulk substrate to the scale [26]. In 
wrought SSs, the effect of Si content on the localized corrosion resistance at room 
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temperature has also been studies [27]. The Ferritic SSs have shown more sensitive behavior 
to corrosion resistance affected by the addition of Si than austenitic stainless steels [27]. 
Many researchers have studied the effect of Si content on the electrochemical properties. 
Toor et.al [20] investigated the Si effect on the repassivation kinetics and SCC susceptibility 
of SSs and concluded that, Si improves the localized corrosion resistance. The reason being 
is the enrichment of Si in the passive film. Nishimura et.al [28] investigated the effect of Si 
content on high temperature oxidation properties of Fe-Cr and Fe-Cr-Ni alloys in CO2 
environment and reported that, Si delayed the oxidation of alloys at high temperature. Perez 
et.al [27] investigated the effect of Si ion implantation on the localized corrosion of SSs and 
reported that, Si improved the pitting corrosion resistance. Sharon et.al [29] investigated the 
Si effect on the mechanical and corrosion properties of PM SSs. And there are many more 
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2.4. Mechanical Alloying (MA) and Milling 
Suryanarayana defined MA, as “It is a process in which a homogenous alloy will form 
by involving the powders in solid state causing the transfer of material during the 
operation”. During this process, material transfer takes place  to obtain a homogeneous alloy 
[30]. This technique was  developed in 1966 by John Benjamin  and  his  colleagues  to  
developed   nickel  based  super  alloys  for  gas  turbine application. Basically they were 
trying to combine dispersed oxide (high temperature strength) and gamma prime precipitate 
(intermediate temperature strength), at the same time obtaining the high corrosion 
resistance. Till 1980’s MA was not considered as the true alloying process. Then Koch et al. 
published a landmark paper which, for the very first time demonstrated the mechanism of 
alloying in ball mill and proves that MA can form true homogenous alloys. They also stated 
that, the outcome of the MA process can be a metastable material such as an amorphous 
alloy [23]. 
The entire process of MA starts with the blending of elemental powder with required 
chemical stoichiometry and providing the vials with required operating medium i.e. inert 
atmosphere or vacuuming the vials to avoid any oxidation of the powders. 
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Figure 2.2: Working principle of mechanical alloying  
MA process can be classified into two steps. First, the powder particle having high flow-
ability and low friction will be deformed by the impact force of grinding media leading to 
work hardening. Further milling will result in more work hardening and ultimately result in 
the fracture by fatigue failure mechanism and by the fragmentation of fragile flakes. In this 
stage there is no agglomeration force between the powder particles and thus will continue to 
fracture. Secondly, formation of new surfaces yields the increase in surface energy of the 
new particles and this can bring the agglomeration of particles due to existence of van der 
Waal forces. Powders having less flow-ability and irregular surfaces trap between the balls 
and self-binding enables them to cold weld these particles. Thus increases the size of the 
particles   
Fig. 2.2 illustrates the process of alloying or metastable phase formation while Fig. 2.3 
shows the principle of size reduction of powders during milling operation. 
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Figure 2.3: Working principle of size reduction during MA 
 
During MA process, lots of phenomena are occurring at the same time. To obtain the 
required product the whole process need lot of optimization and precautionary 
measurements [31]. 
The milling machines are of different types and they differ in their capabilities, speed 
and ability to control the operation. Selection of mill is important before starting the milling 
operation. The selection of mill depends on the type of powder, quantity of the powder and 
constitution/phase required at the end of milling. For example, The SPEX shaker mill will 
be used for alloy screening purposes, when bulk powder will be needed planetary ball mills 
or the attritors will be used. 
The selection of milling vials/ containers are important as Suryanarayana [31], stated 
that, the material of the vials should be of the same composition as that of the powders to be 
milled. As during milling operations, the grinding action of the balls and the walls of the 
 18 
 
vials may contaminate the milled powders. This contamination may give rise to the phases 
that are not required or may results in metastable phase formation [31] 
The speed to the mill is among the most important parameters to be controlled for the 
achieving the required phase and size of the powder after milling. But there are some 
limitations for the speed of the mill. For example, in conventional ball mill, increasing the 
speed of the mill above certain critical speed will pin the balls to the walls of the vials due to 
high centrifugal force. Thus the balls will not fall onto the powders. Another limitation of 
speed of the mill is, very high speed will increase the temperature of the vials which can be 
beneficial and can degrade the system.  High temperature of the vials can be beneficial when 
the homogenization of the phases is required and can be disadvantageous as it can 
contaminate the powders [31]. 
Time given to milling is the most important parameter of the milling process as it 
defines the steady state achievement between fracturing and cold welding of the powders.  
The time given to milling process also depends upon the ball to powder ratio employed, type 
of mill, milling temperature etc.  
Ball to powder ratio is very important parameter defining the time given for milling. In 
principle, the higher the charge ratio, shorter will be the milling time [31].  
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2.5.Spark Plasma Sintering (SPS) 
Spark plasma system has been often known by a name of spark plasma sintering or 
plasma activated sintering. SPS is a complete description owing to its ability to sinter 
metals, ceramics, polymers, joining of metals, crystal growth and can give rise to chemical 
reactions. SPS is most state of the art technology that enables the powders to be densified to 
the maximum extent at much lower temperature and in short period of time by introducing 
the intervals of high electrical energy between powder particles and high sintering pressure 
[32,33]. SPS incorporate moderate uni-axial pressure (typically < 100MPa) along with on-
off DC pulsating current to bring about sintering. During on-off period of DC current, 
number of proposed mechanisms occurs to speed up the sintering process. These can be 
spark impact pressure [33] cleaning of particle surface by plasma [34], joules heating, local 
melting/ evaporation, particle surface activation and diffusion due to electric field [35].  
As far as consolidation is concern, Processing temperatures are the most critical step in 
retaining the nanocrystalline structure, generated during MA, by impeding the grain growth. 
SPS has the ability to produce nano-grained stainless steels having high density and 
remarkable properties without changing their fundamental chemical composition. 
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Figure 2.4: Working principle of spark plasma sintering process 
    
The main advantage of SPS is direct heating of the sintering graphite mold and the 
powders in the die. Because of high thermal efficiency of SPS process, a very high quality 
sintered body can be made [36]. In the SPS process, the passage of DC current from the 
powder particle surfaces purify and activate them and material transfers at both the micro 
and macro levels take place. So, in this way, a high quality sintered body can be obtained at 
much lower temperature than that of conventional sintering process. Fig. 2.5 shows the flow 
of DC current from the powder particles during sintering process. 
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Figure 2.5: Flow of DC pulsating current through powder particles in SPS process 
 The basic mechanism involved in sintering with SPS can be explained as “when a 
spark is being generated between the powder particles, it gives rise to the localized increase 
in the temperature to ten thousands of centigrade just for the very small amount of time. 
This very high temperature causes evaporation and melting at the surface of the powder 
particles and the formation of neck between the particles take place. Fig. 2.6 illustrates the 
formation of plasma during DC current flow while Fig. 2.7 shows basic mechanism of neck 
formation by the plasma. 
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Figure 2.6: Generation of plasma due the spark generated because of the DC pulsating 
current during SPS 
 
 
Figure 2.7: Neck formation between the powder particles due to the flow of DC 
pulsating current during sintering process  
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2.6. PM SSs and their corrosion behavior 
SSs produced by PM are getting popular day by day and they have found their huge 
applications in automotive industry. PM involves the manufacturing of metal powders, 
consolidation at high pressure and sintered under control atmosphere for limited time. Due 
to huge applications, electrochemical properties of PM SSs are of greater concern these 
days. In this section, the work that has been done to develop SSs by PM and their 
electrochemical investigations has been reviewed.  
Raman et al. [37] prepared Fe-10Cr alloy by using high purity (99.9%) powders in 
high energy ball mill SPEX Model 8000 shaker for 20hs with ball to powder ratio (BPR) 
10:1. Their basic work was to investigate the effect of grain size of the alloys produced by 
MA and have reported the increase in oxidation resistance of nano-crystalline structure as 
compare to microcrystalline structure (Fig. 2.8).  
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Figure 2.8: Comparison of weight gain with time for nano crystalline vs 
microcrystalline structured Fe-10Cr alloys 
Gupta et al. [38] manufactured nano-crystalline Fe–Cr alloys using high energy ball 
milling and successfully consolidated them at 600 °C. Nanocrystalline and coarse grained 
alloys thus prepared were used to investigate influence of nanocrystalline structure on 
corrosion performance in H2SO4 with and without Cl
-1. Electrochemical properties of 
nanocrystalline Fe–Cr alloys (52 nm) were found to be superior to that of their coarse 
grained (1.5μm) counterparts. Nanocrystalline structure decreased the passive current 
density, increased breakdown potential (in presence of chloride ions), and decreased 
passivation potential and critical current density (Fig. 2.9). This marked improvement in 
corrosion behavior was attributed to the greater Cr enrichment of the passive film.  
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Figure 2.9: PDP curve showing the effect of grain size on the corrosion properties of 
Fe-20Cr alloys prepared by PM  
 
Velasco et al. [15] prepared 434L with 2% Si by sintering in vacuum and studied the 
electrochemical behavior at high-temperature and in aqueous solutions. The results 
showed that, Si not only improves the corrosion resistance of sintered specimen but also 
the sintered density at lower sintering temperature.  
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Figure 2.10: Effect of sintering temperature and Si addition on corrosion behavior of 
434L alloys 
Toor et al. have prepared nano-crystalline Fe-18Cr-2Si alloys by ball milling the 
pristine elemental powders in a planetary ball [39]. The effect of sintering holding time on 
the electrochemical properties has been studied in different solutions with different 
techniques. The results showed that, with the increase in densification, both mechanical 
and electrochemical properties increased.   
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2.7.  Advanced electrochemical techniques for corrosion testing of SSs 
Advance electrochemical technique like electrochemical impedance spectroscopy has 
been used by researchers to study the corrosion behavior of cast as well as PM steels. EIS 
use Nyquist and Bode plots illustrate the corrosion behavior of the specimen along with 
different electrical circuits to model the spectrum obtained. In this section, the work done on 
the electrochemical investigations of sintered steels by EIS has been enlisted.   
2.7.1. Electrochemical Impedance Spectroscopy (EIS) technique 
Bautista et.al [40] developed two different types of SSs with AISI 409LNb & 434L 
powders and sinter at three different temperatures (1225, 1250 and 1275 °C) in vacuum. 
They studied the effect of sintering temperature on the electrochemical behavior of these 6 
alloys with PDP and EIS techniques in 0.1M Na2SO4. Typical Bode plot (Fig. 2.11) has 
been drawn to show the effect of sintering temperature on the corrosion resistance of 
sintered specimens. They deduced that, with the increase in the sintering temperature, the 
corrosion resistance increases and reason being is the increase in density with the increase 
in sintering temperature. 
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Figure 2.11: Bode plot showing the effect of sintering temperature on the corrosion 
behavior of 409LNb steels  
 
Wallinder et al. [41] have studied the effect of surface finish, passivation and ageing 
on the corrosion properties of 205LVM stainless steels and deduced that, the samples with 
smoother surface finish exhibits higher corrosion resistance.  
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Hamdy et al. [42] investigated the corrosion behavior effect of Nb of austenitic 
stainless steels by EIS in 3.5%NaCl and draw a Nyquist plot (Fig. 2.12) showing that the 
sample having higher Nb content exhibit better corrosion resistance.   
 
Figure 2.12: EIS spectra comparing the effect of Nb content on the corrosion behavior 
of austenitic stainless steels  
Pan et al. [43] studied the effect of high temperature oxidation of S30403, S30815 and 
S44600 SSs by EIS in 0.1M Na2SO4 solution and used two layer model to simulate the 
data. The results reveal that the oxide on S30403 grows and becomes defective while the 
oxide on S44600 thickens rapidly and retains its protective ability for a relatively long 
time and the oxide on S30815 remains thin and resistive. 
Abreu et al. [44] studied the effect immersion time on the formation of oxide layer on 
three different SSs by drawing Nyquist plot. Fig. 2.13 shows a typical Nyquist plot of as 
received AISI 316 sample without any immersion while Fig. 2.14 illustrates the effect of 
immersion. 
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Figure 2.13: EIS spectra for as received AISI 316 SSs  
 
Figure 2.14: EIS spectra comparing the effect of immersion time on  corrosion 
behavior of AISI 316 SSs  
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M.A. Ameer et al [45] used EIS to investigated the effect of Mo in austenitic stainless 
steels in varying concentration of Cl-1 and SO4- ions. Nyquist plots (Fig. 2.15 and 2.16) 
drawn show that, as the concentration of Cl-1 ions increases, corrosion resistance of 
specimen decreases. 
 
Figure 2.15: Effect of Cl-ion concentration on the corrosion behavior of Mo containing 
austenitic stainless steels 
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Motivation 
Corrosion is a serious global industrial problem and billions of dollars are spent 
annually due to damages incurred by corrosion in oil & gas, petrochemical and power 
generation industries. Proper selection of materials and proper investigation can predict 
corrosion and cut down these losses.  Ferritic, Austenitic, and Duplex SSs are the most 
commonly used ferrous alloys and these alloys have some serious issues of corrosion that 
led them to catastrophic failures. The most common corrosion issues with these alloys are 
localized corrosion (pitting and crevice corrosion) and stress corrosion cracking in Cl-1 
concentrated solutions. 
 Production of new grades and especially nano-crystalline structured SSs can solve 
these issues but corrosion properties of these materials need to be studied very deeply. 
Among other manufacturing techniques, powder metallurgy (PM) has been proven to be 
the best technique to manufacture nano-structured SSs. Some typical applications of PM 
SSs include automotive rearview mirror brackets, automotive flanges and sensors of 
exhaust systems, antilock brake system sensors, stainless steel filters and other porous 
stainless steels. The off-shore applications of PM SSs are increasing day by day ranging 
from self-lubricated bearings, anticorrosion painting etc. So, the electrochemical 
properties of these SSs need to be investigated by the use of advance electrochemical 
techniques like EIS.  
Hence, PM SSs have been selected for in-depth electrochemical investigations with 
the help of state of the art techniques like EIS. Previously there has been extensive 
research carried out to evaluate their corrosion behavior by some simple techniques. 
 
 33 
 
Objective 
The purpose of this study is to develop Ferritic [Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3)] and 
Austenitic [Fe(73-x)-Cr18-Ni -Six (x = 0, 1, 2, 3)]   SSs by using planetary ball mill and 
sintered by spark plasma sintering. To achieve maximum densification and ultimately 
higher corrosion resistance, sintering process parameters (sintering temperature, holding 
time, applied pressure and heating rate) need to be optimized. FE-SEM, XRD, FE-TEM 
will be used to characterize the alloy powder as well as sintered specimens. Different 
electrochemical investigation techniques like Potentiodynamic polarization (PDP), linear 
polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS) will be 
used to investigate the electrochemical properties of alloys. Effect of sintering parameters 
on the electrochemical properties of the alloys as well as samples having different wt. % 
Si will be investigated in both 0.2M NaCl and 0.5M H2SO4 solutions at room temperature. 
Characterization of passive layer formed on the surface of the alloys in 0.5M H2SO4 will 
be carried out by XPS.  
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Chapter 3 CHAPTER 3 
3. MATERIALS AND METHODS 
3.1.  Raw Materials 
The purity and particle size of the powders used as precursors are listed in table 3.1. 
The powders were bought from Sigma Aldrich.  
Table 3.1: Specifications of as received powders 
 
3.2. Alloy Preparation by Mechanical alloying (MA) 
The pure elemental powders  (Fe, Cr, Si, Ni) with purity of  > 99.99%  were weighed 
to give the nominal compositions of Fe(82-x)-Cr18-Six and Fe(73-x)-Cr18 -Ni9-Six (x = 0, 1, 2, 
3). Powders were mechanically alloyed in a planetary ball mill (Fritsch Pulverisette 5, Fig. 
3.1) at room temperature (25  °C) for 5, 10, 15, 20, 35, 65, 85, 90 and 100 h. The powder 
mixtures were ball milled under argon atmosphere in SS vials (250 ml) with 10 mm SSs 
balls and ball to powder ratio (BPR) was 30:1. The rotational speed was 300 rpm and 3% 
of Stearic acid was used to avoid cold welding and agglomeration. The milling was 
Element Purity (%) Particle size(μm) 
Iron 99 Fine 
Chromium 99.95 <150 
Silicon 99 <44  
Nickel 99.9 Fine 
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interrupted for 30 min after every 1 h to dissipate any kind of thermal energy and to bring 
the vials at room temperature. The experiments were conducted 2~3 times to confirm the 
reproducibility of the results. 
As received and milled powders were analyzed by X-ray Diffraction (XRD) in an 
AXSD8 Bruker machine using Cu Kα radiation (λ = 0.1542 nm) at a step size of 
0.02°/sec.  Morphology of the milled powders was observed using SEM (JEOL JSM- 
6460). FE-TEM (JEOL, 200 KV) was employed to confirm and evaluate the results 
obtained by XRD. 
 Crystallite size and micro-strain calculations were done for the highest diffraction 
peak using Williamson-Hall equation (βhkl cosθ =Kλ/D + 4εsinθ), where βhkl is corrected 
instrumental broadening, D is the crystallite size, λ is the wavelength of the X-ray source 
and K is a shape factor (0.9). Lattice parameter (a) of ball milled powder was calculated 
by determining the d-spacing of highest Bragg’s angle peak (110) and then using the 
equation a = d*√h  + k  + l  . h, k and l are the miller indices of Bragg’s angle. 
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Figure 3.1: Planetary ball mill used in this study 
3.3. Spark Plasma Sintering 
Sintering of ball milled Fe(82-x)-Cr18-Six and Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3) alloy 
powder was carried out by using SPS machine, FCT Systeme GmbH (Fig. 3.2). Powders 
were loaded in an offset manner in a graphite die with upper and lower punches made of 
graphite (Fig. 3.3). Graphite sheet was used as a lining inside the die and graphite covers 
were used to separate the powders and punches. Sintering process parameters 
(temperature, holding time, heating rate and applied pressure) were optimized to obtain 
the best combination of properties. Optimization was carried out on Fe80-Cr18-Si2 alloy and 
the most desirable property was “high densification” because in PM alloys, higher the 
densification, higher will be the mechanical and electrochemical properties. After sintering 
process parameter optimization, the rest of the compositions Fe(82-x) -Cr18-Six (x = 0, 1, 3) 
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and Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3) were sintered as per the optimized conditions. 
Table 2 shows the Sintering process parameters. The color combination in the table is 
showing the set of experiments done together to verify one parameter. 
 
Figure 3.2: SPS FCT-systeme-GmbH used for sintering in this work 
 
Figure 3.3: Schematic for the offset loading of powders 
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Table 3.2: SPS process parameter for optimization  
Temperature   
( ° C) 
Holding time   
(min) 
Heating rate 
(degree/min) 
Pressure 
(MPa) 
900 10 100 50 
1000 10 100 50 
1100 10 100 50 
1200 10 100 50 
1100 5 100 50 
1100 15 100 50 
1100 15 100 60 
1100 15 50 60 
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3.4. Characterization of sintered specimens 
Characterization of sintered specimen includes density measurements, micro-hardness 
calculations and metallography (SEM/EDX, FE-TEM/SADP, XRD). 
 Sintered density was measured by Archimedes’ principle with the help of density 
measurement kit provided by Mettler Toledo. After getting the dry and wet weight, actual 
density was calculated by using: 
Dry weight was calculated by a precise weighing machine and wet weight was 
calculated by suspending the sample in distilled water. Fig. 3.4 shows the schematic of wet 
weight measurement that was used to calculate sintered density. Densification was then 
calculated by dividing the actual sintered density by theoretical density of the alloy. 
Theoretical density was calculated by rule of mixture. 
 
Figure 3.4: Schematic for wet weight calculation to calculate the density of sintered 
specimen 
 40 
 
  Before calculation of micro-hardness, the samples were hot mounted in Bakelite using 
Bhuler hot mounting machine and then ground and polished with alumina suspension. 
Micro-hardness values were obtained by using Bhuler Micro-Vicker hardness tester 
equipped with diamond indenter.  500gf (gram-force) was used to load the specimen for 10 
sec and the average of 10 readings were reported.          
XRD (Bruker D8 advance) was used to study the phase/phases formed after sintering. 
XRD spectrum were obtained over radiation 20-90° with step size of 0.02°/min. FE-SEM 
was employed to study the microstructure of the sintered specimens. For micro-structural 
investigations, specimens were mounted in Bakelite polymer by using Bhuler hot mounting 
machine. The samples were then coated with gold by using Jeol gold sputter coating 
machine. Jeol FE-TEM and STEM was employed to study the microstructure of selected 
sample. Bright field images and SAD pattern were taken to investigate the phases formed 
after sintering.  
3.5. Electrochemical Investigations 
The sintered samples were soldered to a copper wire maintaining the electrical 
connection and then cold mounted in epoxy. The specimens were ground and polished to 
get a mirror finish surface before conducting electrochemical testing by using Gamry 
Reference 3000™ Potientiostat. Electrochemical (EC) investigations were carried out in a 
conventional three electrode electro-chemical cell (Fig. 3.5) having sample as working 
electrode, graphite rod as counter electrode and saturated calomel electrode (SCE) as 
reference electrode. The area of the specimen exposed to corrosion at a time was 0.1cm2 
and EC investigations have been carried out in chloride solution (0.2M NaCl) and acidic 
solution (0.5M H2SO4) at room temperature. Potentiodynamic polarization (PDP) tests 
 41 
 
were carried out by swiping the potential from -0.65 to 1.2mV at a scan rate of 0.2mV/sec 
under deaerated conditions at room temperature. Before experiment, every sample was 
cathodically polarized at -1.0 VSCE for 180 sec to remove any present oxide film on the 
surface and open circuit potential was monitored for 5 min. Electrochemical impedance 
spectroscopy (EIS) tests were carried out by applying a sinusoidal voltage perturbation 
signal of 10 mVrms with the frequency range of 100000 to 0.2 Hz.  Before EIS 
measurement, potentiostatic film was formed for 30 min under deaerated conditions at 
room temperature. Linear polarization resistance (LPR) testing was carried out in the 
potential range of -0.02 to 0.02 mVSCE at scan rate of 0.3mV/sec and sample was 
cathodically polarized at -1.0 mVSCE for 180 sec and open circuit was monitored for 5 min. 
X-ray photoelectron spectroscopy (XPS) was carried out to study the effect of 
composition of an alloy on the passive layer. Before XPS, a potentiostatic film was 
formed for 15 min in 0.5M H2SO4 solution.  
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Figure 3.5: Schematic of conventional three electrode system used to carry out the 
electrochemical investigations 
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Chapter 4 CHAPTER 4 
RESULTS AND DISCUSSION 
This chapter consists of two sections.  
4.1. Development and Characterization of Ferritic stainless steels 
 Mechanical alloying of Fe(82-x)-Cr18 -Six (x = 0, 1, 2, 3) 
 Spark plasma sintering 
 Electrochemical investigations 
4.2. Development and Characterization of Austenitic stainless steels 
 Mechanical alloying of Fe(73-x)-Cr18 –Ni9-Six (x = 0, 1, 2, 3) 
 Spark plasma sintering 
 Electrochemical investigations 
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4.1. Ferritic Stainless Steels Fe(82-x)-Cr18 -Six (x = 0, 1, 2, 3) 
4.1.1. Alloy development by mechanical alloying 
4.1.1.1. XRD studies of ball milled powders 
XRD of powder specimen milled for 5, 10, 15, 20, 35, 65, 85, 90 and 100 h give clear 
indication of phase evolution during milling and the phase change in Fe(82-x)-Cr18-Six (x = 
0 & 3 wt.%) have been discussed here. XRD of un-milled powder {Fig. 4.1 a)} show 
sharp peaks of Fe and Cr while milling resulted in the reduction of peak intensity and 
considerable broadening. Patil et al. [46] reported that, reduction in the crystallite size and 
particle refinement due to ball milling is the cause of the broadening in the XRD pattern. It 
can be seen from the Fig. 4.1 that, after 5 h of milling, Fe (110) peaks shifted toward 
lower angles (2θ = 44.34°) with little broadening because of solid solution formation of 
Fe-Cr and Fe-Cr-Si and particle refinement. Milling to 10 h resulted in the decrease in 
peak intensity and more broadening but XRD pattern of 15 h milled powder showed a 
broad halo with very low intensity. This type of behavior is attributed to the formation of 
partial amorphous phase and has been reported by Patil et al. in Fe60Co8Zr10Mo5W2B15 
at 20 h of milling [46].  
Continued milling of 15 h milled powder to 35 h resulted in the vanishing of Fe (110) 
peak which is attributed to the formation of amorphous phase. It is well established that 
with the progression of milling, the long range order of constituent particles is broken 
down to a short range order because of the formation of different crystal defects like 
dislocations, vacancies due to severe plastic deformation. Movahedi et al. [47] 
investigated Fe–Cr–Mo–B–P–Si–C system and observed the formation of saturated solid 
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solution at early stages of milling which later with continued milling transformed to an 
amorphous phase. Sharma et al. also reported the vanishing of Fe(110) peaks at 10 h of 
milling due to amorphous phase formation [48]. Suryanarayana have enlisted many 
instances where the formation of amorphous phase took place due to milling of powders 
[30,31]. The criteria for the amorphous phase formation during MA of the powders [49] is 
that there should be a difference in the atomic sizes of the constituent elements (solute and 
solvent) and produce lattice strain [50]. Egami et al [51] explain the effect of difference in 
atomic sizes of constituent elements on the glass formability of metals as the lattice strain 
increases linearly with increasing concentration of solute atoms. When lattice strain 
reaches a certain value, glassy alloy becomes more energetically favorable as compare to 
its crystalline counterpart. In simple words, the induce lattice strain destabilizes the crystal 
lattice and resulting in the amorphous phase formation.  
XRD of 65 h milled powder showed that, the powders are still amorphous as there is 
no peak at all but there is a very low intensity, broad peak after 85 h milling. Milling to 90 
h resulted in the reappearance of Fe (110) peak at 2θ = 44.14° which is attributed to the 
crystallization of amorphous phase. XRD pattern of 100 h milled powder showed a sharp 
Fe(110) peak at 2θ = 44.16° with considerable broadness due to particle refinement.  The 
same kind of trend has been reported by Patil et al [46] where the crystallization of 
amorphous phase took place at 50 h. Sharma et al. [48] reported that the amorphous phase 
formed at 10 h of milling was very stable and it did not crystallized till 40 h of milling 
when the characteristic Fe(110) peak reappeared and at 50 h there was a sharp peak with 
considerable broadness. They  named this phenomenon as mechanical crystallization [48].   
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There can be many reasons for the crystallization / mechanical crystallization of 
amorphous phase during MA but the most important reasons are 1) rise in temperature to a 
certain level above the crystallization temperature during milling, 2) powder 
contamination causing the crystalline phase more stable than glassy phase, 3) phenomenon 
of inverse melting, 4) basic thermodynamic consideration [48]. The trend of solid solution 
formation leading to amorphous phase and finally recrystallization followed in Fe(82-x)-
Cr18-Six(x = 1 & 2 wt.%) as well.  
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Figure 4.1: XRD of Fe(82-x)-Cr18 –Six (x = 0 & 3) showing the formation of solid 
solution at 5 h,an amorphous phase at 35 h and mechanical crystallization of the 
amorphous phase at 100 h of milling 
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4.1.1.2. TEM of ball milled powders 
To confirm the results obtained by XRD, structural analysis of Fe79-Cr18-Si3 
powder milled for 65 h and 100 h was conducted using FE-TEM. Fig. 4.2 (a-d) shows 
the bright field images and standard area diffraction (SAD) pattern of these two 
powders respectively. The diffused halo of SAD of powder milled for 65 h (Fig. b) 
confirms the amorphization of Fe79-Cr18-Si3 alloy. While the powder milled for 100 h 
(Fig. 2c) shows the presence of the BCC crystalline phase as was confirmed from the 
diffraction pattern. These results are in complete agreement with XRD results discussed 
above.   
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Figure 4.2: FE-TEM bright field images of 65 h (a) and 100 h (c) milled Fe79 -Cr18 -Si3 
powders, SAD pattern of 65 h (b) and 100 h (d) powders respectively 
4.1.1.3. Lattice parameter, crystallite size and lattice strain calculations 
The variation of lattice parameter calculated at 0, 5, 10, 15 and 100 h of milling time is 
shown in Fig. 4.3. It is clear from the Fig that lattice parameter increased continuously up 
to 5 h of milling and it decreased till 10 h and again increased till 15h and finally started 
decreasing till 100 h. In other words it can be said that the lattice parameter of the solid 
solution (at 100 h) was higher than the initial mixture at 0 h of milling.    
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     This variation of lattice parameter can be explained with the help of XRD results of 
ball milled powders shown in Fig. 4.1 (a & b). As it was observed that, with an increase in 
milling time Fe(110) slightly shifted towards lower angles indicating the increase in lattice 
parameter [47]. This increase is attributed to the dissolution of solute atoms (Cr & Si) in 
the lattice of solvent atom (Fe) forming a solid solution of Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3). 
Fig. 4.3 shows that, at 0, 5 and 10 h milling lattice parameter increases drastically and at 
15 h the increase is very small in case of 0% Si and with 3% Si lattice parameter 
decreased. The reason being is, Cr (0.166 nm) is larger than Fe (0.156nm) and its 
dissolution will drastically change the lattice of Fe82 Cr18 Si0. But Si (0.111 nm) is smaller 
than Fe (0.156), so its dissolution will dilate the lattice parameter of Fe79 Cr18 Si3. The 
lattice parameter of 100 h milled recrystallized powders was lesser as compare to 15 h 
milled powder. The reason behind the decrease is, recrystallization of amorphous phase at 
100 h redistributed the solute atoms in the lattice as reported by Patil et al. [46].  
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Figure 4.3: Effect of milling time of the lattice parameter variation of Fe(82-x)-Cr18 -Six 
(x = 0 & 3) alloy powders 
 
Fig. 4.4 illustrates the effect of Si content on lattice parameter variation of Fe(82-x) -Cr18 
-Six (x = 0, 1, 2, 3) alloys formed at 100 h of milling and it can be seen that with the 
increase in %Si content lattice parameter was decreasing. The effect of %Si content on 
lattice parameter variation was observed by Yousefi et.al in Fe-Co-Si alloys prepared by 
ball milling [52]. Lattice parameter calculated from SAD image of 100 h milled powder 
was very much close to that of calculated by XRD. Lattice parameter of Fe79 -Cr18 -Si3 at 
100 h calculated by XRD was 0.2878 nm while that calculated by SAD pattern was 0.2877 
nm. 
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Figure 4.4: Effect of Si content on the lattice parameter of 100 h milled alloy powders 
Fig. 4.5 shows the variation of crystallite size at 0, 5, 10, 15 and 100 h milled Fe(82-x) -
Cr18 -Six (x = 0 & 3) alloys calculated by Williamson Hall equation(βhkl cosθ = Kλ/D + 
4εsinθ) [53]. In both cases, the crystallite size was decreasing with an increase in milling 
time and the mechanism of reduction in crystallite size due to milling has been well 
explained by Cantor et al. [54]. The reduction of crystallite size was more drastic in case 
of Fe79-Cr18-Si3 alloy and the reason behind this drastic decrease is brittleness imparted by 
Si. Yousfi et al. [52] reported that, powders having more Si content have smaller lattice 
parameter as compare to that of low Si content powders. 
 Fig. 4.6 shows effect of wt.% Si content on the crystallite size variation of Fe(82-x)-Cr18 
-Six (x = 0, 1, 2, 3) alloys milled at 100 h. Crystallite size was found to be the lowest for 
Fe79 -Cr18 -Si3 as higher Si content contributed towards more brittleness and 
fragmentation, which ultimately resulted in lowest crystallized size among all alloys. 
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Figure 4.5: Effect of milling time on the crystallite size variation of Fe(82-x)-Cr18 -Six (x = 
0 & 3) alloy powders  
 
Figure 4.6: Crystallite size variation of Fe(82-x)-Cr18 -Six (x = 0, 1, 2, 3) alloy powders 
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Fig. 4.7 shows the variation in micro-strain at 0, 5, 10, 15 and 100h milled         Fe(82-
x)-Cr18 -Six (x = 0 & 3) alloys. It is clear that with an increase in milling time strain 
generated in milled powders was also increasing. Fig. 4.8 shows the effect of Si content on 
the micro-stain of 100h milled powders.    
 
Figure 4.7: Effect of milling time on lattice strain variation of Fe(82-x)-Cr18 -Six (x = 0 & 
3) milled alloys 
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Figure 4.8: Effect of Si content on lattice strain variation in Fe(82-x)-Cr18 -Six (x = 0, 1, 2, 
3) alloys milled for 100 h 
4.1.1.4. Morphological investigations of ball milled powders 
Fig. 4.9 and Fig. 4.10 are showing the scanning electron images of Fe(82-x)-Cr18 -Six (x 
= 0 & 3) milled powders at 0, 35, 65 and 100 h milling respectively. It is clear in these 
Figs. that, the particles are getting finer due to prolonged milling and the reason for the 
decrease in particle size is the hardness or brittleness imparted due to work hardening. It is 
been reported that, the impingement of balls gives rise to a micro-forging action that 
deforms the powder particles plastically which results in work hardening and finally leads 
to fracturing [52]. From Figs. it is clear that the addition of Si contributed in refining the 
microstructure as the particles of Fe79 -Cr18-Si3 are finer than that of Fe82-Cr18-Si0. Thus it 
can be said that, with an increase in Si content, fracture mechanism is more predominant 
over cold welding.  
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Figure 4.9: SEM images showing the morphology of Fe( 82-x) Cr18 Six (x = 0) milled 
powders. a)0 h, b) 10 h, c) 65 h, d) 100 h 
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Figure 4.10: SEM images showing the morphology of Fe( 82-x) Cr18 Six (x = 3) milled 
powders. a)0 h, b) 10 h, c) 65 h, d) 100 h 
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4.1.2. SPS of ball milled powders 
4.1.2.1. SPS parameter optimization on Fe(82-x)-Cr18 -Six (x = 2) milled alloy  
In this section of the research, the prime important task was to optimize the sintering 
process parameters (temperature, holding time, heating rate and pressure) to achieve high 
densification. Achieving the maximum density was of main concern because 
electrochemical properties of high density materials are better than that of low density 
materials.  
Fe(82-x)-Cr18-Six (x = 2) powder milled for 100 h was selected for process parameter 
optimization and we started by changing sintering temperature (900, 1000 & 1100 °C) by 
keeping holding time (10 min) applied pressure (50 MPa) and heating rate (50 degree/min) 
constant. Sintered density was calculated by Archimedes’ method and theoretical density 
was calculated by rule of mixture. Densification was calculated by dividing sintered 
density by theoretical density. Average of 5 readings of densification with avg. SD of 
0.025 has been reported.  
The results, of change in sintering temperature on densification have been shown in 
Fig. 4.11, shows that with an increase in sintering temperature densification increases as 
well. Maximum densification was achieved at 1100 °C while lowest densification was 
achieved at 900 °C sintering. Fig also shows that, further increase in sintering temperature 
(1200 °C) resulted in the decrease in densification because of localized melting. Hussein 
et al. [55] reported an increase in densification while examining the effect of temperature 
on densification of  Nb-Zr alloys. Zhang et al. [56] also studied the effect of sintering 
temperature on densification of Fe-0.8%C alloy and reported an increase in the relative 
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density and micro-hardness with increase in sintering temperature. From effect of 
sintering temperature on densification results, it is concluded that 1100 °C is the optimized 
sintering temperature. 
 
Figure 4.11: Effect of sintering temperature on the densification of Fe(82-x)-Cr18-Six (x = 
2) alloys  
 
 
After optimizing the sintering temperature to 1100 °C, the next step was to optimize 
the holding time to get maximum densification. Fe(82-x)-Cr18-Six (x = 2) alloy was sintered 
by changing the holding time (5, 10, 15 & 20 min) and keeping sintering temperature 
(1100 °C), applied pressure (50 MPa) and heating rate (100 degree/min) constant. The 
results of effect of holding time on densification have been shown Fig. 4.12 and it can be 
seen from the Fig that, higher holding time resulted in higher densification. The highest 
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densification was achieved at 15 min of holding time and main reason increase in 
densification is increased heat flux and longer time given to diffusion leading to reduction 
in porosity. 20 min of holding resulted in the melting of powders inside the die so we 
could not get any sample at that holding time. There had been some reported work[57–59] 
which showed that by increasing the sintering temperature, holding time and pressure 
applied, high density can be achieved. Cheng et al. [57] reported an increase in density 
with an increase in sintering holding time, but also highlighted the drawback of grain 
growth at longer holding times. Zhao et al. [58] while studying ZrB2–SiC composite, 
reported an increase in densification and hardness by increase in holding time and 
pressure. From the results of densification due to varying holding time, it was concluded 
that 15 min holding is the optimized holding time.  
After optimizing sintering temperature (1100 °C) and holding time (15 min), nest step 
was to optimize applied pressure and heating rate for sintering Fe(82-x)-Cr18-Six (x = 2) 
alloy.  Alloy powder was sintered by changing applied pressure (50, 60 and 70 MPa) and 
keeping temperature (1100 °C), holding time (15 min) and heating rate (100 degree/min) 
constant. The effect of applied pressure on densification has been shown in Fig. 4.13 
which illustrate that maximum densification was achieved at 60 MPa. Application of 70 
MPa pressure resulted in breaking of graphite die during sintering thus giving no sample 
for analysis. Finally we changed the heating rate from 100 to 50 degree/min and observed 
that an increase in applied pressure together with lower heating rates resulted in maximum 
densification. 
Here it is concluded that, best sintering parameters are: 1100 °C sintering temperature, 
15 min holding time, 60 MPa of applied pressure and 50 degree/min heating rate.  
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Figure 4.12: Effect of holding time on the densification of Fe(82-x)-Cr18-Six (x = 2) alloys  
 
Figure 4.13: Effect of heating rate on the densification of Fe(82-x)-Cr18-Six (x = 2) alloys  
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4.1.2.2. SPS of ball milled Fe(82-x)-Cr18-Six (x = 0, 1, & 3) alloy powders 
In this section, the parameters that were optimized in section 4.1.2 were used to 
synthesize Fe(82-x)-Cr18-Six (x = 0, 1, 3) alloys. The optimized parameters were 1100 °C 
temperature, 15 min holding time, 50 degree/min heating rate and 60 MPa applied 
pressure. Sintered density was calculated by Archimedes’ method and theoretical density 
was calculated by rule of mixture. Densification was calculated by dividing sintered 
density by theoretical density. Average of 5 readings of densification with avg. SD of 
0.025 has been reported. 
Fig. 4.14 a) shows the effect of wt. % Si on the densification of the sintered Fe (82-
x)-Cr18-Six (x = 0, 1, 2, 3) alloys and it is clear from the Fig that, as the wt. % Si in the 
alloy increases densification increases as well. The lowest densification achieved was 
94.3% for the alloy having 0% Si and the highest densification (97.6%) was achieved by 
alloy with 3% Si. Wang et al. reported that samples with Si content have more sintered 
density as compare to samples without Si [66]. Tsai et al. reported that addition of Si 
facilitates liquid phase sintering at lower temperature which helps in increasing in the 
density [67].  
 
 
Fig. 4.14 b) shows the effect of wt. % Si on the micro-hardness of Fe(82-x)-Cr18-Six (x = 0, 
1, 2, 3) sintered alloys and it is clear from the Fig that, with the addition of Si in the alloy 
hardness value increases as well. The minimum hardness achieved was 509.6 HV for 
sample 0% Si and the maximum hardness (7580.6 HV) was achieved for the sample 
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having 3% Si. The results of increase in hardness with the increase in %Si content are in 
complete agreement with the literature [60, 61]. The reason for the increase in hardness 
with the Si content is the improvement in density the density of the specimen increases, 
hardness increases as well. Saravanan et al. also reported the effect of Si in improving the 
hardness of Ai-Si alloys by lowering the grain size of an alloy [68]. 
 
 
 
 
 64 
 
 
Figure 4.14: Effect of Si content on the a) Densification, b) Micro hardness of Fe(82-x)-
Cr18-Six (x = 0, 1, 2, 3) sintered alloys 
 
4.1.3. Microstructural Investigations of sintered alloys 
FE-SEM was used to study the microstructure of samples sintered at different 
conditions. Fig. 4.15 shows the secondary electron (SE) image of polished surface samples 
sintered at 900, 1000 and 1100 °C and it is clear that with the increase in sintering 
temperature, porosity is decreasing. The dark regions in SE-SEM images show the 
presence of porosity in the samples and these results verify the densification results. The 
back scattered (BS) images (Fig. 4.16) showing the compositional variation as dark regions 
are Cr enriched while grey regions are Fe enriched and this has been confirmed by EDX 
analysis.  
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Figure 4.15: Secondary electron SEM image of polished surface samples sintered at 
different conditions 
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Figure 4.16: BS-SEM images of Fe(82-x)-Cr18-Six (x = 2) alloys sintered at different 
conditions 
FE-TEM was used to deeply study the micro-structure of Fe(82-x)-Cr18-Six (x = 2) 
sintered at optimized conditions of temperature, holding time, applied pressure and heating 
rate. Fig. 4.17 a) shows the BSE image where the grey and black contrast is showing that 
there is compositional difference between these regions. The EDX results showed that, the 
black regions are slightly Cr enriched and grey regions are Fe enriched. The HAADF 
STEM image in Fig. 4.17 b) clearly resolves the image and showed that, these dark regions 
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have the size of about 25 nm and EDX results (inset) verified that, these dark regions are 
rich in Cr and grey regions are rich in Fe. BF-FE-TEM image shown in c) shows that, these 
dark regions have a microstructure of martensitic laths and the possible reasons for 
formation of martensitic laths are a) Carbon intake from SPS Die and punches, b) Cr 
depletion in the matrix due to formation of Cr rich precipitates and c) very fast cooling rate 
induced in SPS cycle. Auger et.al [60] has reported the formation of these Cr rich phases in 
Fe14Cr SPS alloy and given the reasons the formation of these precipitates in the Fe rich 
matrix. The inset of Fig. c) revealed that, their crystalline structure was M2O3 (M=Cr) 
which correspond to Corundum. Fig. 4.14 d) shows that the microstructure of the alloy has 
equiaxed grains with un-textured BCC structure shown in the inset of Fig. 4.17 d). EDX 
analysis through STEM (Fig. 4.18) confirmed that, dark regions have higher Cr percentage 
with huge amount of oxygen making them Cr-oxide and grey regions are lean in Cr. 
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Figure 4.17: Microstructure of Fe18Cr2Si alloy. a) BSE-SEM images showing the 
compositional contrast. b) HAADF STEM image revealing the Cr-rich precipitate 
inside Fe rich matrix. c) BF-TEM image showing the lath like structure of Cr-rich 
precipitates. d) BF-TEM image showing the equiaxed grains with the inset showing 
untextured BCC phase 
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Figure 4.18: EDX analysis of Fe(82-x)-Cr18-Six (x = 2) sintered alloy, Dark regions are Cr enriched 
while grey regions are Fe enriched. 
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4.1.4. Electrochemical Investigations 
In this part of the research, we have investigated the electrochemical (EC) properties of 
Fe(82-x)-Cr18-Six (x = 2) samples prepared during sintering process parameter optimization as 
well as samples with varying wt. % Si i.e. Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3). EC properties of 
samples sintered at different sintering temperature, holding time were investigated by 
different techniques like PDP, LPR and EIS in 0.2M NaCl and 0.5M H2SO4 solutions. A 
conventional three electrode cell was used to conduct corrosion testing in which graphite 
rod was used as counter electrode, SCE as reference and sintered sample was acting as 
working electrode.  
4.1.4.1. Effect of sintering conditions on electrochemical properties of Fe(82-x)-Cr18-Six 
(x = 2) sintered alloys 
4.1.4.1.1. Potentiodynamic Polarization tests (PDP) 
Potentiodynamic polarization tests were conducted at -0.65 to 1.2 mVSCE with the scan 
rate of 0.05mV/sec, under deaerated environment at room temperature.          
Fig. 4.19 (a & b) shows PDP response of Fe(82-x)-Cr18-Six (x = 2) alloy in 0.2M NaCl and 
0.5M H2SO4 solutions at room temperature. Based on densification values (section 4.1.3), 
we know that maximum densification was achieved at 1100 °C, 10 min holding and 100 
degree/min heating rate with 50 MPa of applied pressure . So it was expected that the 
specimen sintered at 1100 °C will have high corrosion resistance because of less porosity as 
compared to other two samples (sintered at 900 and 1000°C). Guo et al. [61] has 
investigated the effect of sintering temperature on the corrosion resistance of Ti-24Nb-4Zr-
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7.9Sn alloy and reported that alloys with lower density (sintered at low temperature)  has 
lower corrosion resistance and vice versa. This lower corrosion resistance is due to more 
porous/less dense structure, when sintered at low temperature. It is very well known that 
porosity in sintered samples will allow the corrosion medium stagnation in pores, which will 
lead to crevice corrosion. High density materials have less interconnected porosity and there 
are lesser chances for electrolyte to penetration into such interconnected pores and cause 
corrosion. On the other hand, high porosity samples will have less corrosion resistance due 
to open interconnected porosity. So it is clear from Fig. that the specimen sintered at 1100 
°C exhibited the highest corrosion resistance in terms of pitting potential (Epit), passive 
current density (ip) and corrosion potential (Ecorr). The sample sintered at 1100 °C has an 
Ecorr value of -533.4 and -340.1 mVSCE in 0.2M NaCl and 0.5M H2SO4 respectively. Fig. 
4.19 shows that, the sample sintered at 900 °C does not exhibit a stable passive film and the 
reason for the unstable passive film is low density at 900 °C as compare to density at 1100 
°C. Ecorr value of sample sintered at 900°C is -549.7 and -505.0 mVSCE in 0.2M NaCl and 
0.5M H2SO4 respectively which is lower than that of sample sintered at 1100 °C.  Pitting 
potential (Epit), is an important parameter for the investigation of localized corrosion 
resistance of passive materials. The sample sintered at 1100 °C exhibit highest Epit value of 
-454.8 and 241.5 mVSCE in 0.2M NaCl and 0.5M H2SO4 respectively which means it is the 
most resistant to localized corrosion under these conditions. Similarly if we compare the 
passive current density of three samples at 
-480 and -170 mVSCE in 0.2M NaCl and 0.5M H2SO4 respectively, it is the lowest for 
sample sintered at 1100 °C .The lowest passive current density means, sample sintered at 
1100 °C has more protective oxide film, which is able to protect the sample from corrosion 
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under these conditions. The results reported in this study are in complete agreement with the 
literature. Hussein et.al [55] investigated the effect of sintering parameters on the corrosion 
of Nb-Zr alloys prepared by MA and sintered by SPS. They reported that, the sample 
sintered at higher sintering temperatures exhibit a stable passive film while the sample 
sintered at lower sintering temperature does not exhibit a stable passive film. Bautista et.al 
investigated the role of sintering temperature on density and the corrosion properties and 
reported that sample having higher density exhibit good corrosion resistance [62]. Xie et.al 
also reported the lower corrosion resistance of samples with high porosity [57]. Table 4.1 
summarizes the PDP response of sintered alloys in 0.2M NaCl and 0.5M H2SO4 solutions. 
Table 4.1: PDP results of Fe80-Cr18-Si2 alloy sintered at three different temperature in 
0.2M NaCl and 0.5M H2SO4 solutions 
 
Electrolyte 0.2M NaCl 0.5M H2SO4 
Sample Ecorr icorr Epass Epit Ip Ecorr Icorr Epass Epit Ip 
mV nA mV mV μA mV μA mV mV μA 
900 °C -549.7 4.526 -480 N/A N/A -505 176.2 -170 N/A N/A 
1000 °C -539.5 1.824 -480 -453.6 26.5 -454.8 41.48 -170 -75.54 6.215 
1100 °C -533.4 0.154 -480 -454.8 8.522 -340.1 8.033 -170 241.5 1.184 
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Figure 4.19: PDP curves showing the effect of sintering temperature on the corrosion 
behavior of Fe(82-x)-Cr18 -Six (x = 2) alloy a) 0.2M NaCl b) 0.5M H2SO4 solution. 
 Similarly, the effect of holding time on the electrochemical properties of Fe(82-x) -
Cr18-Six (x = 2) under the same conditions was also studied. The powders were sintered at 
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1100 °C, varying holing time (5, 10 and 15 min), heating rate of 100 degree/min and 50 
MPa of applied pressure. Fig. 4.20 (a & b) shows the PDP response of sintered alloys in 
0.2M NaCl and 0.5M H2SO4 respectively. Densification values showed that, sample sintered 
with 15 min holding exhibit highest (91.4%) densification and is expected to have high 
corrosion resistance as compare to that of low densification samples.  Fig clearly shows that, 
sample sintered with 15 min holding have Ecorr values of -512.3 and -340.1 mVSCE in 0.2M 
NaCl and 0.5M H2SO4 respectively.  The reason for the high corrosion resistance is high 
density at higher holding time. Summary of Potentiodynamic response of Fe (82-x)-Cr18-Six (x 
= 2) alloy sintered with different holding time have been shown in Table 4.2. 
Table 4.2: PDP results of Fe(82-x)-Cr18 -Six (x = 2) alloy sintered at three different 
holding time in 0.2M NaCl and 0.5M H2SO4 solutions 
Electrolyte 0.2M NaCl 0.5M H2SO4 
Sample 
Ecorr icorr Epass Epit Ip Ecorr Icorr Epass Epit Ip 
mV nA mV mV μA mV μA mV mV μA 
5 min -539.5 1.824 -488.5 N/A 26.29 -378.3 31.23 -60.68 -38.83 21.36 
10 min -533.4 0.1544 -488.5 -460.1 8.474 -405 40.49 -60.68 237.9 7.723 
15 min -512.3 0.548 -488.5 -438.8 4.093 -340.1 8 -60.68 234.2 1.88 
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Figure 4.20: PDP curves showing the effect of sintering temperature on the corrosion 
behavior of Fe(82-x)-Cr18 -Six (x = 2) alloy a) 0.2M NaCl b) 0.5M H2SO4 solution. 
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4.1.4.1.2. Linear Polarization Resistance (LPR) 
The  polarization resistance (Rp) is strongly dependent on the passive film formed on the 
surface of the specimen  and is the direct measure of the corrosion resistance of the material 
[41]. LPR was conducted by changing the potential from    -0.02 to 0.02V at the scan rate of 
0.3 mV/sec under deaerated environment at room temperature. Fig. 4.21 (a & b) and it can 
be seen that as the sintering temperature increases, Rp also increases. Rp value of sample 
sintered at 1100 °C is very much higher than that of samples sintered at 900 & 1000 °C. The 
samples with low densification have low Rp value because of the absence of stable film on 
the surface of the samples as compare to that of high density sample.  Gu et.al [63] 
investigated the corrosion performance of SSs Rebars coated by two different coating 
techniques giving different % porosity in the coating. LPR resting of coated rebars showed 
that, the coating with high % porosity exhibit low Rp value and coating with low % porosity 
exhibit high Rp value. So, presence of pores, in 900 and 1000 °C sintered samples, is the 
main cause of low Rp values as compare to 1100 °C sintered sample. The trend shown by 
LPR results in both conditions verifies PDP results that sample sintered at 1100 °C exhibit 
good EC properties. The results are in complete agreement with the results reported by Lins 
et al. while studying the effect of porosity on the electrochemical properties of phosphate 
conversion coatings [64]. Guo et al studied the effect of sintering temperature on the 
corrosion of Ti–24Nb–4Zr–7.9Sn alloys in Hank’s solution. They concluded that, the 
sample sintered at higher sintering temperature (1250 °C) exhibit a clear passive film as 
compare to that of samples sintered at lower temperatures [61]. Xie et al also reported the 
lower corrosion resistance properties of Ti-Mo alloys having high porosity after laser 
sintering 
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Figure 4.21: Effect of sintering temperature on the polarization resistance of Fe(82-x)-
Cr18 -Six (x = 2) sintered alloys in a) 0.2M NaCl, b) 0.5M H2SO4 solution 
Similarly, the effect of holding times (5, 10 and 15 min) on the Rp values have been 
shown in Fig. 4.22 (a & b). As shown that sample sintered at 15 min holing at 1100 °C 
showed the maximum densification, so here it was expected that, the very sample will have 
high polarization resistance value. The results are in complete agreement with Guo et al. 
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[61] and Xie et al. [65] that high density of sintered alloys resulted in higher corrosion 
resistance by making a stable passive layer and consequently exhibiting higher Rp values. 
 
 
Figure 4.22: Effect of sintering holding time on the polarization resistance of Fe(82-x)-
Cr18 -Six (x = 2) sintered alloys in a) 0.2M NaCl solution, b) 0.5M H2SO4 
a) 
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4.1.4.1.3. Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy was also carried out to study the effect of 
sintering process parameters (temperature and holding time) on the electrochemical 
properties of Fe(82-x)-Cr18-Six (x = 2) alloy.  
Electrochemical impedance Spectroscopy was carried out in 0.2M NaCl and 0.5M 
H2SO4 solutions at -0.50 and -0.15V DC voltage respectively. The voltage was selected 
from polarization curves and it lies in the passive region of all the three samples. Before 
conducting the test, a passive film was formed for 30 min. 
Nyquist plots obtained in 0.2M NaCl and 0.5M H2SO4 solutions respectively are shown 
in the Fig. 4.24 (a & b). The diameter of the Nyquist plot is a direct function of the 
polarization resistance of the samples and it can be said that, the sample having larger 
diameter will have high corrosion resistance. Fig shows that, the spectrum of sample 
sintered at 1100 °C has the biggest diameter semicircle as compare to that sample sintered at 
1000 and 900 °C. Gu et al. [63] investigated the quality of coatings having different % 
porosity ratio by EIS and concluded that, coating having high porosity have a small semi-
circle diameter while coating with low porosity give exhibit large semi-circle diameter. The 
coating having high porosity allows the Cl- ions to pass and react with the substrate and 
cause corrosion Xie et al. used EIS technique to study the effect of porosity in Ti-Mo alloys 
sintered by laser and reported that, semicircle  diameter  becomes  larger  with  the decrease  
of  the  porosity,  demonstrating  a  nobler  electrochemical behavior [65]. 
Since the EIS spectra are relatively simple with only one time constant, the equivalent 
circuit shown in Fig. 4.23 was used for quantitative study of the spectrum and good quality 
fitting was obtained. In the equivalent circuit, a constant phase element “CPE” was used 
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instead of capacitance because many times the measured capacitance is not ideal. The 
impedance representation of CPE is given by Z(CPE) = 1/[Yo(jω)n] [41]. Here Yo is the fit 
parameter.  
The physical meanings of the components involved in the circuit are as follows Rs 
correspond to the electrolyte resistance, CPE correspond to constant phase element and Rp 
is the polarization resistance of the passive film. The same kind of model has been used by 
Wallinder et.al to study the effect of surface conditions on the corrosion of 316VM SSs 
[34]. The results obtained after EIS curve fitting are shown in Table 4.3 
 
Figure 4.23: CPE model used for curve fitting 
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Figure 4.24: Nyquist plot of the samples sintered at different temperature along 
with fitting by CPE model a) 0.2M NaCl b) 0.5M H2SO4 solution 
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Table 4.3: Summary of EIS data obtained after curve fitting with CPE model 
Electrolyte 0.2M NaCl 0.5M H2SO4 
Sample Rp(ohms) Rs(ohms) Rp(ohms) Rs(ohms) 
900 °C 154.9 8.639 210.9 58.47 
1000 °C 188.1 6.478 959.1 54.51 
1100 °C 277.8 7.86 5.64E+03 52.49 
 
 Similar kind of experimentation was carried out at -0.475 and -0.2 V, selected 
from PDP, to study the effect of holding time on corrsion. It is clear from the Fig. 4.25 
that, with the increase in holding time, the diameter of spectra increases. The increase in 
imedance is attributed to the increase in density due to higher time given to sintering. 
Table 4.4 shows the results of Nyquist curve fitting by CPE.  
Table 4.4: Summary of EIS data obtained after curve fitting by CPE model 
Sample 0.2M NaCl 0.5M H2SO4 
Rp(ohms) Rs(ohms) Rp(ohms) Rs(ohms) 
5min 240.6 7.315 3.13E+03 51.74 
10min 277.8 7.86 5.64E+03 52.49 
15min 533.3 7.428 6.69E+03 51.82 
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Figure 4.25: Nyquist plot of the samples sintered with different holding time along 
with CPE fitting a) 0.2M NaCl, b) 0.5M H2SO4 solution 
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4.1.4.2. Effect of Si on electrochemical properties of Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3) 
sintered alloys 
In this section, we studied the effect of Si content on the EC properties of Fe (82-x) Cr18 
Six (x = 0, 1, 2, 3) sintered alloys by PDP, LPR and EIS. These EC investigations have been 
carried out in 0.2M NaCl and 0.5M H2SO4 solutions under deaerated environment at room 
temperature. 
4.1.4.2.1. Potentiodynamic polarization testing 
Potentiodynamic polarization tests were conducted at -0.65 to 1.2 mVSCE at the scan rate 
of 0.05 mV/sec, under deaerated environment at room temperature.  
Fig. 4.26 (a & b) shows the PDP response of Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3) sintered 
alloys in deaerated 0.2M NaCl and 0.5M H2SO4 solutions at room temperature. Different 
parameters [Epit (pitting potential), icorr (corrosion current density), ip (passive current 
density), Ecorr (corrosion potential)] were calculated and have been summarized in Table 
4.5. 
From Fig and Table, it can be inferred that wt. % Si does not have a significant effect on 
Ecorr values but it does have a positive effect on the icorr (nA) of sintered alloys. The highest 
icorr was 98.42 nA for Fe(82-x)-Cr18-Six (x = 0) alloy and the lowest was 10.08 nA for Fe(82-x)-
Cr18-Six (x = 3) sample in 0.2MNaCl solution. Similarly, in 0.5M H2SO4 solution, highest  
icorr was 1.752 μA and lowest was 0.821 μA for Fe(82-x)-Cr18-Six (x = 0) and Fe(82-x)-Cr18-Six 
(x = 3) respectively.  
It is well known that, pitting potential (Epit) is an important parameter for the 
investigation of localized corrosion resistance of passive materials. Epit is highest (-
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125.2mV) for sample with 3 wt. % Si as compare to other samples and it can be said that 
sample with 3 wt. % Si is most resistant to localized corrosion under these conditions. 
Similarly if we compare the passive current density of these samples at -300 mVSCE, it is the 
lowest for sample with 3 wt. % Si which means that, sample with 3 wt. % Si has a more 
protective passive film and capable to protect the sample as compare to others Fe(82-x)-Cr18-
Six (x = 0, 1, 2).  
Many authors reported the positive effect of Si content on the corrosion properties of 
SSs. Velasco et al. [15] compared the icorr values of the alloy prepared by PM having Si 
content with commercially produced cast alloy without Si content. Despite the fact that cast 
alloys are dense as compare to that of sintered alloys, they observed that Si has the 
beneficial effect on the corrosion properties. Toor et al. [20] investigated the effect of Si 
content on 304 and 304Si SSs and reported that Si has a pronounced positive effect on the 
Epit of the alloys. Nishimura et al. [28] deposited the Si on the SUS 304 SSs and studied the 
effect of Si on the pitting corrosion resistance and crevice corrosion resistance. They found 
out that, Si enhanced both the pitting corrosion and crevice corrosion resistance as compare 
to that of simple SUS 304 SSs. Tasi et al. [67] studied the effect of Si content on the 
corrosion resistance of 304 sintered SSs. They reported the formation of SiO2 layer on the 
surface of the sample having Si content which helps in improving the corrosion resistance as 
compare to the sample without Si. So, now it is established that, the reasons for the 
improvements in the corrosion resistance of Si containing SSs is because of the presence of 
Si in the passive layer. Robin et al. [69] developed the correlation between the composition 
of the passive layer and the corrosion resistance of SSs with Si content. The XPS studies of 
the passive layer revealed that, Si is present in the passive layer in large amount.  
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Figure 4.26: PDP response of Fe(82-x)-Cr18 -Six (x = 0, 1, 2, 3) sintered alloys a) 0.2M 
NaCl, b) 0.5M H2SO4 solutions 
 
 
Table 4.5 PDP results of Fe(82-x) -Cr18 -Six (x = 0, 1, 2, 3) sintered alloys in 0.2M NaCl 
and 0.5M H2SO4 solutions 
 
Electrolyte 0.2M NaCl 0.5M H2SO4 
Sample Ecorr icorr Epass Epit ip Ecorr icorr Epass Epit ip 
 mV nA mV mV μA mV μA mV mV μA 
0% Si -511.8 98.42 -300 -398.4 393.3 -482.3 1.752 442 937.5 292 
1% Si -485.8 86.66 -300 -220.1 82.23 -497.9 1.573 442 937.7 288 
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2% Si -460 63.63 -300 -164.1 37.63 -442 1.089 442 838 12.2 
3% Si -454.5 10.08 -300 -125.2 28.92 -529.9 0.821 442 844.7 1.67 
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4.1.4.2.2. Linear Polarization Resistance 
LPR was conducted by changing the potential from -0.02 to 0.02V at the scan rate of 0.3 
mV/sec under deaerated environment at room temperature.  
Fig. 4.27 (a & b) shows the LPR response of Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3) sintered 
alloys in 0.2M NaCl and 0.5M H2SO4 solutions respectively. It can be inferred from the Fig 
that the sample having high wt. % Si content (3 %) have high Rp value while the sample 
having low wt. % Si (0 %) have low Rp value. As Rp value is a direct measure of the 
corrosion resistance of the material, so it is clear that Si improves the corrosion resistance of 
the material.  
LPR is a very useful tool in measuring the corrosion resistance of the steels. Many 
researchers have used this technique to investigate the effect of different environments on 
the corrosion resistance of steels. Vuković et al. studied the inhibition effect of Thiobacillus 
ferrooxidans  Bacteria on the corrosion of steel by LPR technique [70]. Choi et al. studied 
the corrosion behavior of carbon steel and weathering steel in aerated acidic chloride 
solution by using weight loss and LPR technique [99]. 
 90 
 
 
 
 
Figure 4.27: Linear polarization response of Fe(82-x)-Cr18-Six (x = 0, 1, 2, 3) sintered 
alloys in a) 0.2M NaCl, b) 0.5M H2SO4 solutions 
 
 
0.5M H2SO4, deaerated solution 
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4.1.4.2.3. Electrochemical Impedance Spectroscopy 
Electrochemical impedance Spectroscopy was carried out at -0.2 and 0.2V DC voltage 
in 0.2M NaCl and 0.5M H2SO4 solutions respectively. The voltage was selected from 
polarization curves and it lies in the passive region of all the samples. Before conducting 
the test, a passive film was formed for 30 min.  
Nyquist plot (Fig. 4.28 a & b) have been drawn to show the effect of Si content on the 
electrochemical properties of Fe(82-x) -Cr18 -Six (x = 0, 1, 2, 3) sintered alloys in 0.2M 
NaCl and 0.5M H2SO4 solutions. The diameter of the Nyquist is a direct function of the 
corrosion resistance of the samples and it can be said that, the sample having larger 
diameter will have high corrosion resistance. Fig shows that, Fe(82-x)-Cr18 -Six (x = 3) have 
the highest diameter semi-circle as compare to other samples Fe(82-x)-Cr18-Six (x = 0, 1, 2). 
To fit the EIS spectra, CPE model (shown in Fig. 4.27) has been used and the results have 
been given in table 4.6.  
Generally, electrochemical impedance spectroscopy is used to study the stability of 
passive film of Stainless steels. Many authors used this technique to study the behavior of 
passive films of different alloys in different conditions. Jinlong et al. studied the effect of 
grain size corrosion behavior of 304SSs by using EIS in borate buffer solution and  
reported that, nano-crystalline 304SSs have a semi-circle with much higher diameter as 
compare to micro-crystalline 304SSs [71]. C Garcia et al. studied the passivation behavior 
of austenitic and duplex SSs by using EIS technique in pore solution [72].   
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Table 4.6: Summary of EIS results of Fe(82-x) -Cr18 -Six (x = 0, 1, 2, 3) alloys obtained 
after curve fitting by CPE model 
Sample 
name 
0.2M NaCl 0.5M H2SO4 
Rp Rs CPE Rp Rs CPE 
(Ohm) (Ohm) μF/cm2 (Ohm) (Ohm) μF/cm2 
0% Si 171.1 36.22 2.60E-01 668.5 31.47 1.54E-01 
1% Si 424.2 37.34 2.38E-01 776.5 29.39 1.64E-01 
2% Si 722.7 35.82 3.02E-01 2.34E+03 24.03 5.67E-01 
3% Si 876.5 40.16 8.35E-01 5.65E+03 28.46 5.67E-01 
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Figure 4.28: EIS (Nyquist Plot) response of Fe(82-x) Cr18-Six (x = 0, 1, 2, 3) sintered 
alloys in a) 0.2M NaCl, b) 0.5M H2SO4 solutions 
4.1.5. Passive film analysis by using XPS 
XPS was carried out on Fe(82-x)-Cr18-Six (x = 0, 1, 3) sintered alloys to study the passive 
film formed in 0.5 H2SO4 solution at -0.2mV for 30min at room temperature. Since the 
passive layer on SSs is of some tenths of Angstroms, XPS analysis gives a measure of 
overall film composition. Fig. 4.29 (a, b & c) show Fe2p, Cr2p and Si2p XPS spectra recorded 
at 90° respectively.  
The Fe2p ionization results show that, the passive layer developed on 0% Si alloy at -
0.2mV consist of mainly Fe-oxide (Fig. 29 a). The oxide of iron can be either Fe2O3 or 
Fe3O4. But it is very difficult to differentiate between them. So the species found in the 
range of 710-711 eV be generally assigned as Fe+3. In all Fe2p spectra, the dominant peak 
was associated with Fe+3. The presence of pure Fe has not been analyzed in any of the alloy.  
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Cr2p ionization (Fig. 29 b) was characterized by the presence of peak around 577 eV. 
This peak is related to the Cr+3 oxides. The results showed that, Cr-oxides are present on the 
surface of both 1 and 3 wt. % Si alloy. Very small contribution of Cr metal can also be seen 
at lower binding energy values. Since the passive layer on SSs is mainly composed of Cr-
oxide, thus it can be said that, both the alloys undergo passivation at -0.2mV. This result 
justifies the PDP results. As this potential lies in the passive range of both of the alloys. 
Si2p ionization (Fig. 29 c) was characterized by the presence of peak at 103.5eV. This 
particular peak is related to the Si+2. The presence of Si-oxide in the passive layer has been 
confirmed. There is very small concentration of Si-oxide in 1% Si alloy.  
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Figure 4.29: XPS analysis of Fe(82-x)-Cr18-Six (x = 0, 1, 3) alloys, a) Fe2p , b) Cr2p, c) 
Si2p 
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4.2. Austenitic Stainless Steels [Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3)] 
Austenitic stainless steels are most widely used SSs because of their higher corrosion 
resistance and mechanical properties as compare to other SSs. It has found its applications 
in oil and gas sector, structural applications as well as in medical field including surgical 
cutting tools and implants. 
  In this section, were prepared by ball milling the pure elemental powder in 250ml 
hardened stainless steels vials. Ball to powder ratio was maintained at 30:1 during the 
complete cycle and argon was purge to provide inert atmosphere for milling. Phase 
evolution was studied using XRD and FE-TEM of milled powders while the morphology of 
milled powder was studied using SEM.  Spark plasma sintering of milled powder was 
carried out under optimized conditions discussed in section 4.1.2. FE-SEM was used to 
investigate the mico-structure of sintered alloys and XRD was used to study the 
phase/phases formation after sintering. Electrochemical properties of Fe(73-x)-Cr18 -Ni9 -Six 
(x = 0, 1, 2, 3) alloys were studied by carrying out PDP, LPR and EIS in deaerated 0.2M 
NaCl and 0.5M H2SO4 solutions at room temperature.  
 
4.2.1.  Alloy development by MA 
4.2.1.1. XRD studies of ball milled Fe(73-x)-Cr18-Ni9-Six (x = 0 & 2) powders 
 
 XRD of powder specimen milled for 5, 10, 20, 50, 100, 160, and 160 h-
annealed gave clear indication of the phase evolution during milling and the phase change 
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in  Fe(73-x)-Cr18-Ni9-Six (x = 0 & 2) have been reported in this section. XRD of un-milled 
powder {Fig. 4.30 A)} showed sharp peaks of Fe and Cr while milling (5 h) resulted in the 
reduction of peak intensity and considerable broadening. Patil et al. [73] reported that, 
particle refinement due to ball milling is the cause of the broadening in the XRD pattern. It 
can be seen from the Fig. that, after 5 h of milling, Fe (110) peaks shifted towards higher 
angles (2θ = 44.66°) with little broadening because of solid solution formation of Fe-Cr-
Ni and particle refinement. Fig. 4.30 B) shows that, the characteristic Fe (110) peak 
shifted to higher angle (2θ = 45.06°) which is due to the dissolution of Cr, Ni and Si in 
lattice of Fe.  
Despite the fact that, Ni is a strong austenite stabilizer, there is an unexpected 
formation of α-phase rather than γ-phase at 5hr of milling. The formation of α-solid 
solution during milling of austenitic powders has been reported by many researchers in the 
past.  Kaloshkin et al. [74] milled Fe-Ni alloy system with different percentages of Ni, 
milled in AGO-2U planetary mill with water-cooled vials and observed the formation of 
α-solid solution and called it martensitic phase. Continued milling resulted in the 
formation of γ-solid solution which was confirmed by XRD pattern. Enayati et al. [75] 
observed a phase change of stainless steel powders prepared from a planetary ball mill 
under argon atmosphere after 60 h milling. Oleszak et al. [76] obtained austenitic stainless 
steel powder using a Fritsch planetary P5 mill after milling for 100 h. Thus it can be 
concluded that the formation of both α (martensitic) and γ (austenitic) phases during MA 
depends upon milling time. Similarly, Haghir et al. [77] did annealing after 120 h of 
milling and studied phase transformation of α to γ. The possible reason for the formation 
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of α-phase is that, both Ni and Cr elements decreases both the temperature of start of 
martensite formation as well as the completion of martensite formation [47].  
 Milling for 10 h resulted in the decrease in peak intensity and more broadening 
but XRD pattern of 20 h milled powder did not show any peak. This type of behavior is 
attributed to the formation of amorphous phase and has been reported by Patil et al. [73] in 
Fe60Co8Zr10Mo5W2B15 at 20 h of milling. It is well established that with the progression of 
milling, the long range order of constituent particles is broken down to a short range order 
because of the formation of different structural defects like dislocations, vacancies due to 
severe plastic deformation. Movahedi et al. [47] investigated Fe–Cr–Mo–B–P–Si–C 
system and observed the formation of saturated solid solution at early stages of milling 
which later with continued milling transformed to an amorphous phase. Sharma et al. [48] 
also reported the vanishing of Fe(110) peaks at 10 h of milling due to amorphous phase 
formation. Suryanarayana have enlisted many instances where the formation of 
amorphous phase took place due to milling of powders [30]. The criteria for the 
amorphous phase formation during MA is that there should be a difference in the atomic 
sizes of the constituent elements (solute and solvent) and produce lattice strain [50]. 
Egami et al. [51] explained the effect of difference in atomic sizes of constituent elements 
on the glass formability of metals as the lattice strain increases linearly with increasing 
concentration of solute atoms. When lattice strain reaches a certain value, glassy alloy 
becomes more energetically favorable as compare to its crystalline counterpart. In simple 
words, the induce lattice strain destabilizes the crystal lattice and resulting in the 
amorphous phase formation.  
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 XRD results show that, even after 160 h of milling, amorphous phase did not 
changed to austenitic phase. As reported elsewhere [70, 71, 72] that the milling of 
powders to high milling time resulted in the development of γ-phase because milling 
intensity play an important role in the development of γ-phase. There are two things that 
changes with the change in milling intensity. 1) Concentration of different crystal defects. 
2) Temperature of milling [70]. So we decided to anneal the powders to get the required 
phase. XRD (Fig. 4.30) results revealed that, the amorphous phase developed during 
milling transformed into austenitic phase after annealing at 1100 °C. Very low noise in the 
XRD of annealed powders also confirmed that, due to annealing, strains that were 
developed during milling have been annihilated.  
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Figure 4.30: XRD analysis of ball milled powders taken at different intervals of time. 
A) XRD of Fe73-Cr18-Ni9-Si0 B) Fe71-Cr18-Ni9-Si2 
4.2.1.2. TEM of ball milled Fe71-Cr18-Ni9-Si2 powders 
To confirm the XRD results (formation of α-phase at 5 h milling and amorphous 
phase at 20hrs and evolution of γ-phase after annealing) FE-TEM was carried out. Fig. 
4.31 (a, b) shows the BF-TEM image of 5 h milled powder and the respective SAD 
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pattern. SAD pattern matched with that of α-phase which confirmed the formation of α-
phase at 5 h of milling. Fig. 4.31 (c, d) shows the BF-TEM image of 20 h milled powder 
and its respective SAD pattern. The BF-TEM images confirms the particle refinement 
due to milling and its SAD pattern showed the diffused rings of amorphous phase as 
indicated by XRD results. Fig. 31 (e, f) shows the BF-TEM images of 160 h milled-
annealed powder and its respective SAD pattern. The BF-TEM images confirm the 
particle refinement at 160h and its SAD diffraction pattern confirmed the γ-phase 
formation after annealing. These TEM investigations confirmed the XRD results. 
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Figure 4.31: TEM bright-field images and selected area electron diffraction patterns of 
Fe71-Cr18-Ni9-Si2. a) 5 h milled powder, b) SAD pattern of 5 h milled powder. SAD 
pattern matched with the α-phase, c) 20 h milled powder, d) SAD pattern of 20 h 
milled powder showing amorphous phase, e) 160 h-annealed powder, f)SAD pattern of 
160 h-annealed powder and it matches with γ-phase 
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4.2.1.3. SEM morphology of milled powders 
Fig. 4.32 & Fig. 4.33 shows the morphological evolution of Fe(73-x)-Cr18-Ni9-Six (x = 0 
& 2) milled powders for 0, 10, 20, 50, 100, 160 h respectively. It can be seen from the Fig. 
that, powders have different morphologies at different milling time. Fig. 4.32 a) shows the 
morphology of un-milled powders where spongy particles are of Fe and smooth particles 
are of Cr and after 15 h of milling powder show high agglomeration of particles. At this 
stage, powders get flattened by the forces generated by the contact of ball-powder-ball or 
ball-powder-vials which lead to the increase in particle size along with the formation of 
some small particles as well [52]. The production of small and very large particles is 
usually observed in the early stage milling of ductile materials because of the continuous 
cycles of plastic deformation, cold welding and fracturing [52]. Increase in milling time 
resulted in the refinement of particles and the process continues. Suryanarayan reported 
that with the increase in milling time, powder particles will become finer [30].  
Fig. 4.33 shows the SEM micrograph of the powder annealed at 1100 °C with different 
Si content. It is clear that, alloy with more wt. % Si have finer particle size. Thus it can be 
said that, with high percentage of Si, fracture mechanism is more predominant over cold 
welding. And this agreed with the results reported by [52] that the presence of Si imparts 
brittleness to the powders. Grain size calculations from BF-TEM revealed that, the 
average grain size after annealing of 160 h milled powder was less than 20nm. 
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Figure 4.32: SEM morphology of Fe73 -Cr18 –Ni9 milled powders, a) 0 h, b)20 h, c) 60 h, 
e)100 h, f)160 h, E) 160 h milled and annealed at 1100 °C 
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Figure 4.33: SEM morphology of Fe73 -Cr18 –Ni9 –Si2 milled powders, a) 0 h, b)20 h, c) 
60 h, e)100 h, f)160 h, E) 160 h milled and annealed at 1100 °C 
Agglomeration 
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Figure 4.34: Effect of Si on the powder morphology of 160 h milled and 
subsequently annealed at 1100 °C 
4.2.1.4. Lattice parameter and crystallite size calculations 
Fig. 4.35 shows the variation of lattice parameter of Fe(73-x)Cr18Ni9Six (x = 0 & 2) alloys 
milled at 5, 10, 160 h-annealed. The variation of lattice parameter can be explained by 
keeping in the mind Fig. 4.30 where there is the formation of α-phase at 5 and 10 h and γ-
phase after annealing of 160 h powder. The formation of α-phase at 5 h of milling resulted 
in the decrease in lattice parameter (as Fe(110) peak shifted towards higher angles) due to 
solid solution formation. This decrease is lattice parameter is due to the fact that, Ni have 
smaller atomic radius as compare to Fe and its dissolution will dilate the lattice. After 10 h 
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milling, Fe(110) peak shifted toward smaller angles indicating the increase in lattice 
parameter which is due to the dissolution of bigger atomic radius solute atoms i.e. Cr into 
Fe. Yousefi et al. [52] also reported the variation of lattice parameter due to dissolution of 
bigger atomic radius Co in Fe. They also reported the dissolution of smaller atomic radius Si 
in Fe dilate the lattice parameter. The annealing of amorphous powder at 1100 °C, resulted 
in the formation of FCC structure (γ-phase) having lattice parameter greater than BCC-α-
phase. The same kind of trend has been reported by F.Tehrani et.al [78]. Fig. 4.32 also 
shows that, the powders having 2 % Si content has smaller lattice parameter as compare to 
that of 0 % Si which is due to the fact that, Si has atomic radius smaller than that of Fe.  
Fig. 4.36 shows the effect of Si content on the lattice parameter of 160 h milled powder 
after annealing in Argon atmosphere at 1100 °C. Results showed that the sample with 3 % 
Si has the lattice parameter of about 0.328 nm. Lattice parameter calculations done by the 
SAD pattern of 160 h-annealed powder showed 0.3278 nm which is very close to that of 
calculations done by XRD.  
The crystallite size of milled powders during milling and alloy powders after 160 h 
milling has been calculated using famous Williamson Hall equation(βhkl cosθ =Kλ/D + 
4εsinθ). Fig. 4.37 shows the effect of milling time on the crystallite size variation of Fe(73-
x)Cr18Ni9Six (x = 0 & 2)  during milling. In early stages of milling (till 10 h) there was a 
drastic decrease in crystallite size. The reduction of crystallite size was more drastic in case 
of Fe71Cr18Ni9Si2. The drastic decrease in crystallite size is because of the brittleness 
imparted by Si. The same kind of trend of decrease in crystallite size has been reported 
elsewhere [52]. Fig. 4.38 shows the effect of Si content on the change in crystallite size of 
160 h-annealed milled powder.  
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Figure 4.35: Lattice parameter variation of Fe(73-x)-Cr18-Ni9-Six (x = 0, 2) alloy with 
milling time 
 
Figure 4.36: Lattice parameter variation of Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3) alloy 
milled for 160h and annealed at 1100 °C 
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Figure 4.37: Crystallite size variation of Fe(73-x) -Cr18 -Ni9-Six (x = 0, 2) alloy with 
milling time. 
 
 
Figure 4.38: Crystallite size variation of Fe(73-x)-Cr18-Ni9 -Six (x = 0, 1, 2, 3) alloy milled 
for 160h and annealed at 1100 °C 
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4.2.2. SPS of ball milled Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3) alloys 
Spark plasma sintering of nano-structured Fe(73-x)-Cr18-Ni9-Six (x = 0, 1, 2, 3) powder 
was carried out on the optimized parameters as discussed in section 4.1.2. XRD of the 
sintered specimen was carried out to investigate the evolution of phase/phases after 
sintering and FE-SEM was carried out to study the microstructure.  
 
4.2.2.1. Characterization of sintered alloys 
Fig. 4.39 shows the XRD spectrum of Fe(73-x)Cr18Ni9Six(x = 0, 1, 2, 3) sintered alloys 
XRD results show that, there is an unexpected formation of α- phase along with γ-phase 
after sintering.  
 
 
Figure 4.39: XRD spectra of Fe(73-x)Cr18Ni9Six(x = 0, 1, 2, 3) Spark Plasma Sintered 
samples 
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Fig.4.40 shows the BSE-SEM images of Fe(73-x)Cr18Ni9Six(x = 2) sintered alloy etched 
with Villela’s reagent. The contrast in BSE-SEM image confirmed the variation of 
composition in dark and grey regions. Fig A) show the BSE image and confirm the 
compositional variation in the black and grey regions. Point EDX analysis revels that, the 
black regions are rich in Cr and grey regions are rich in Fe. Ni and Si are homogenously 
distributed throughout the matrix.  
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Figure 4.40: BSE-SEM morphology of Fe(73-x)Cr18Ni9Six(x = 2) sintered specimen A) BSE image 
showing the compositional contrast. B) Magnified image of the black precipitates C) Magnified 
image showing the grain size. 
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4.2.2.2. Densification and micro-hardness calculations 
Sintered density was calculated by Archimedes’ principle and micro-hardness was 
obtained by using Bheuler micro-vicker. Fig. 4.41 (a & b) illustrats the effect of wt % Si 
on the micro-hardness and densification of Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3). The results 
show that, as the Si content in the specimen increases, hardness and densification 
increases as well.  
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Figure 4.38: Effect of Si content on micro hardness and densification of Fe(73-x) -
Cr18 -Ni9 -Six(x = 0, 1, 2, 3)  alloys prepared by SPS 
4.2.3. Effect of Si content on the corrosion properties 
 In this section, we studied the effect of Si content on the electrochemical properties of 
Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3) sintered alloys by PDP, LPR and EIS. These EC 
investigations have been carried out in 0.2M NaCl and 0.5M H2SO4 solutions under 
deaerated environment at room temperature. A conventional three electrode system was 
used with sample under investigation acted as working electrode, graphite rod as counter 
and SCE as reference electrode. The system was deaerated by purging N2 for 15min and 
the flow was maintained during the experiment. The area exposed during testing was 
0.1cm2. 
4.2.3.1. Potentiodynamic polarization (PDP)  
PDP tests were conducted by swiping the voltage from -0.65 to 1.2 mVSCE at the scan 
rate of 0.2mV/sec under deaerated environment at room temperature. Fig. 4.41 (a & b) 
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shows PDP response of Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3) in 0.2M NaCl and 0.5M H2SO4 
solution respectively. Different parameters [Epit (pitting potential), icorr (corrosion current 
density), ip (passive current density), Ecorr (corrosion potential)] were calculated and have 
been summarized in Table 4.6. 
From Fig. 4.41 & Table. 4.6, it can be inferred that addition of Si does not have a 
significant effect on the improvement of Ecorr as well as on icorr of sintered alloys. The 
PDP response of sample with 0 %Si in 0.2M NaCl solution shows that, the sample does 
not exhibit a stable passive film but addition of only 1% Si significantly improved the 
corrosion resistance as the sample exhibit a passive layer and ip was significantly reduced. 
Passive current density (ip) calculated at 19.42mV (in 0.2M NaCl) was highest for sample 
with 0% Si (4400 nA) and sample with 2% Si exhibited the lowest (134.2 nA).  PDP 
response of Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3) samples in 0.5M H2SO4 solution showed 
that, sample with 0% Si do exhibit a stable passive film but ip value was very high (224.2 
μA) as compare to that of sample with 1% Si (ip = 5.377 μA).  So it can be said that, 
sample with 3% Si have the highest corrosion resistance in terms of passive current 
density as it has the lowest ip value (1.42 μA). Lowest ip value inferred that, sample with 
3% Si exhibit the most protective passive film which is able to protect the sample under 
these conditions.    
It can also be inferred that, addition of Si improved the pitting potential (Epit), which is 
the most important parameter to study the corrosion properties of SSs. Epit was highest 
(259.6 & 917.2 mV in 0.2M NaCl and 0.5M H2SO4 solution respectively) for sample with 
3wt % Si as compare to other samples. High Epit values indicate that, the sample with 3% 
Si is most resistant to localized corrosion under these conditions.  
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Many authors reported the positive effect of Si content on the corrosion properties of 
SSs. Velasco et al. [15] compared the Icorr values of the alloy prepared by PM having Si 
content with commercially produced cast alloy without Si content. Despite the fact that 
cast alloys are dense as compare to that of sintered alloys, they observed that Si has the 
beneficial effect on the corrosion properties. Toor et al. [20] investigated the effect of Si 
content on 304 and 304Si SSs and reported that Si has a pronounced positive effect on the 
Epit of the alloys. Nishimura et al. [28] deposited the Si on the SUS 304 SSs and studied 
the effect of Si on the pitting corrosion resistance and crevice corrosion resistance. They 
found out that, Si enhanced both the pitting corrosion and crevice corrosion resistance as 
compare to that of simple SUS 304 SSs. Tasi et al. [67] studied the effect of Si content on 
the corrosion resistance of 304 sintered SSs. They reported the formation of SiO2 layer on 
the surface of the sample having Si content which helps in improving the corrosion 
resistance as compare to the sample without Si. So, now it is established that, the reasons 
for the improvements in the corrosion resistance of Si containing SSs is because of the 
presence of Si in the passive layer. Robin et al. [69] developed the correlation between the 
composition of the passive layer and the corrosion resistance of SSs with Si content. The 
XPS studies of the passive layer revealed that, Si is present in the passive layer in large 
amount. 
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Figure 4.41: Potentiodynamic polarization response of Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 
3) sintered alloys a) 0.2M NaCl b) 0.5M H2SO4 solution. 
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Table 4.7: Summary of PDP response of of Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3) in 0.2M 
NaCl and 0.5M H2SO4 solution 
 
Electrolyte 0.2M NaCl 0.5M H2SO4 
Sample 
Ecorr Icorr Ep Epit ip Ecorr Icorr Ep Epit ip 
mV pA mV mV nA mV nA mV mV μA 
0%Si -231.6 867.5 19.42 N/A 4400 -521.8 474.2 286 631.1 224.2 
1%Si -233 773.3 19.42 12.14 279.2 -475.2 472.1 286 461.1 5.377 
2%Si -173.5 565.2 19.42 134.2 146.8 -550 356.2 286 805.8 2.48 
3%Si -104.4 739.2 19.42 259.6 217.2 -481 142.89 286 917.2 1.428 
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Linear polarization resistance (LPR) 
LPR was conducted by swiping the potential from -0.02 to 0.02V at the scan rate of 0.3 
mV/sec in deaerated environment at room temperature.  
Fig. 4.42 (a & b) shows the LPR response of Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3) sintered 
alloys in 0.2M NaCl and 0.5M H2SO4 solutions respectively. It can be inferred from the Fig 
that the sample having high wt% Si content (3%) have high Rp value while the sample 
having low % Si (0%) have low Rp value. As Rp value is a direct measure of the corrosion 
resistance of the material, so it is clear that Si improves the corrosion resistance of the 
material.  
LPR is a very useful tool in measuring the corrosion resistance of the steels. Many 
researchers have used this technique to investigate the effect of different environments on 
the corrosion resistance of steels. Vuković et al. studied the inhibition effect of Thiobacillus 
ferrooxidans  Bacteria on the corrosion of steel by LPR technique [70]. Choi et al. studied 
the corrosion behavior of carbon steel and weathering steel in aerated acidic chloride 
solution by using weight loss and LPR technique [99]. 
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Figure 4.42: Effect of wt% Si content on the Rp value a) 0.2M NaCl b) 0.5M H2SO4 
solutions 
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4.2.3.2. Electrochemical impedance spectroscopy (EIS)  
Electrochemical impedance Spectroscopy was carried out at 0.05 and 0.35 DC voltage 
in 0.2M NaCl and 0.5M H2SO4 solutions respectively. The voltage was selected from 
polarization curves and it lies in the passive region of all the samples. Before conducting 
the test, a passive film was formed for 30min.  
Nyquist plot (Fig. 4.42 a & b) have been drawn to show the effect of Si content on the 
electrochemical properties Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3) sintered alloys. The diameter 
of the Nyquist plot (semi-circle) is a direct function of the corrosion resistance of the 
samples and it can be said that, the sample having larger diameter will have high corrosion 
resistance. Fig shows that, Fe(73-x)-Cr18-Ni9-Six(x = 3) have the highest diameter semi-
circle as compare to other samples Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2). To fit the EIS spectra, 
CPE model (shown in Fig. 4.27) has been used and the results have been given in Table 
4.7.  
Generally, electrochemical impedance spectroscopy is used to study the stability of 
passive film of Stainless steels. Many authors used this technique to study the behavior of 
passive films of different alloys in different conditions. Jinlong et al. studied the effect of 
grain size on the corrosion behavior of 304SSs by using EIS in borate buffer solution and  
reported that, nano-crystalline 304SSs have a semi-circle with much higher diameter as 
compare to micro-crystalline 304SSs [71]. Garcia et al. studied the passivation behavior of 
austenitic and duplex SSs by using EIS technique in pore solution [72].  
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Table 4.7: Summary of EIS results of  Fe(73-x)-Cr18-Ni9-Six(x = 0, 1, 2, 3) alloys obtained 
after curve fitting by CPE model 
sample 
name 
0.2M NaCl 0.5M H2SO4 
Rp Rs CPE Rp Rs CPE 
(Ohm) (Ohm) μF/cm2 (Ohm) (Ohm) μF/cm2 
0% Si 214.5 33.18 1.67E-01 2.34E+03 24.03 5.67E-01 
1% Si 1.87E+03 21.07 1.10E-01 2.61E+03 28.67 1.99E-01 
2% Si 2.61E+03 33.81 1.99E-01 5.65E+03 28.46 1.64E-01 
3% Si 5.65E+03 28.46 1.64E-01 9.74E+03 33.81 7.11E-01 
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Figure 4.43: Nyquist spectra showing the effect of Si content on the corrosion 
resistance a) 0.2M NaCl b) 0.5M H2SO4 solutions 
It is believed that, the corrosion rate of PM SSs is higher than that of cast counter parts. 
[80]. The occurrence of the phenomenon is linked with the development of localized 
solutions with concentration different than the overall electrolyte inside of the pores. Huge 
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number of pores favors the establishment of differential airing cavities and differential 
concentration of protons. In pores acting as cracks, a point is reached where O2 is being 
used up while the ventilated zones of the surface have an adequate access to this O2. Under 
these circumstances, the Ecorr in the ventilated zone of the pore is maintained above that of 
passivation and consequently the passive layer remains stable in that areas while in O2 
deficient regions inside the pores, an active-passive cells are set up. 
The formations of cracks, leading to corrosion in PM SSs, come into being with the 
release of metallic ions, principally Cr, inside of the pores. Then a hydrolysis reaction leads 
to the acidification of the pore. [80]. Eq. 1 shows the formation of acid due to hydrolysis 
inside of the pore 
Cr3+ + 3H2O           Cr(OH)3 + 3H
+ Eq.1 
The crack/pore geometry is the most important controlling factor in this type of 
corrosion. By taking into account the efficiency in generating the phenomenon of crevice 
corrosion, these types of crevices can be classified as per their degree of narrowness and 
their depth. In case of PM materials, in which pore is very narrow, the volume of 
electrolyte to be deoxygenated and acidified inside the pore is very small. This will lead to 
the initiation of attack which will be both rapid and severe. When the proton concentration 
is quit high to put the material in the corrosion zone of the Pourbaix diagram, the passive 
layer get dissolved and attack move towards the inner side of the pore. This phenomenon is 
explained in the Fig.4.44 (A & B).  At next stage, the attack progress towards the interior of 
PM SSs by means of basic mechanisms. While on the other hand, the established active-
passive cells resulted in the disintegration of particles. This step has been shown in Fig. 
4.44 C.  
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Figure 4.44: Corrosion mechanism of PM SSs, a) Porosity having the passive layer, 
b) Acidification of the pore leading to the formation of H+ ions in the pore, c) 
Crevice corrosion because of the acidification 
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Chapter 5 CHAPTER 5 
CONCLUSIONS 
Ferritic and Austenitic stainless steels were developed by mechanical alloying of pure 
elemental powders using planetary ball mill followed by spark plasma sintering. Spark 
plasma sintering process parameters (temperature, holding time, applied pressure, heating 
rate) were optimized to obtain high densification. Electrochemical properties of spark 
plasma sintered alloys were investigated at room temperature under Cl-1 and SO4
-1 
solutions. Following are the conclusions drawn from current study regarding 
development, characterization and electrochemical investigation of Fe(82-x)-Cr18 -Six and 
Fe(73-x)-Cr18 –Ni9-Six (x = 0, 1, 2, 3) alloys. 
Fe(82-x)-Cr18-Six alloy system,  
 Mechanical alloying (MA) of pure elemental powders lead to the formation of 
solid solution at early stages of milling. Continued milling resulted in the 
formation of amorphous phase which lead to mechanical crystallization upon 
milling at higher milling time. 
  Formation of solid solution, amorphous phase formation and mechanical 
crystallization had been studied by XRD and TEM. 
  Lattice parameter, crystallite size and lattice strain calculations showed that, with 
the increase in wt. % Si, lattice parameter, crystallite size decreased while lattice 
strain increased. 
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 SEM images of powders showed different morphologies at different times. Cold 
welding/agglomeration was predominant at early stages of milling while at higher 
milling times, the fracture mechanism was predominant. 
 Sintering process parameters (temperature, holding time, heating rate and applied 
pressure) were optimized, on Fe80-Cr18–Si2, to obtain maximum densification. 
 Sintering temperature was varied as 900, 1000, 1100 and 1200 °C, while holding 
time was fixed at 10 min, heating rate at 100 degree/min and applied pressure at 
50 MPa. Densification results showed that, 1100 °C demonstrated highest value. 
 Holding time was varied as 5, 10 and 15 min by keeping sintering temperature 
fixed at 1100 °C, heating rate at 100 degree/min and applied pressure at 50 MPa. 
Densification results showed highest value at 15 min holding. 
 Heating rate was varied as 100 and 50 degree/min while applied pressure varied 
as 50, 60 and 70 MPa by keeping sintering temperature fixed at 1100 °C, holding 
time at 15 min. Densification results showed highest value with 60 MPa of 
pressure. So, it is concluded that, 1100 °C temperature, 15 min holding, 50 
degree/min holding and 60 MPa pressure are the optimized parameters. 
 XRD results of samples sintered at different conditions showed the BCC α-phase 
at all conditions. 
 Crystallite size calculations of sintered alloys revealed maximum size of 29.02 nm 
at optimized conditions. 
 Electrochemical investigations of samples sintered at different parameters showed 
that, with the increase in densification, corrosion resistance increased. The sample 
with highest densification (96.0 %) showed best corrosion resistance in terms of 
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highest pitting potential, lowest corrosion current density. Maximum polarization 
resistance and highest impedance was also observed by very sample. 
 Fe(82-x)-Cr18-Six (x = 0, 1 & 3) were sintered at optimized conditions. Densification 
and hardness results showed that, with the increase in wt. % Si, densification and 
hardness increased. 
 Electrochemical investigation of samples with varying wt. % Si showed that, with 
the increase in Si content, corrosion resistance increased in terms of noble 
corrosion potential, low corrosion current density, high pitting potential and low 
passive current density. 
 Highest polarization resistance and impedance was shown by 3 wt. % Si sample. 
Fe(73-x)-Cr18 –Ni9-Six alloy system,  
 MA of pure Fe, Cr, Ni and Si powders led to the development of α-solid solution 
at early stages of milling which transformed into an amorphous phase on further 
milling. The amorphous phase formed during milling did not show crystallization 
even at very high milling time (160 h) 
 Annealing of 160 h milled powder at 1100 °C for 1h in argon atmosphere 
transformed the powder into γ-solid solution. 
 Development of α-solid solution, amorphous phase and γ-solid solution was 
confirmed by XRD and TEM/SAD. 
 Lattice parameter and crystallite size both decreased with the increase in wt. % Si. 
 Fe(73-x)-Cr18–Ni9-Six (x = 0, 1, 2, 3) milled powders were sintered at optimized 
parameter. 
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 Densification and hardness results showed that, increase in wt. % Si resulted in 
increase in densification and hardness. 
 Electrochemical investigation of samples with varying wt. % Si showed that, with 
the increase in Si content, corrosion resistance increased in terms of noble 
corrosion potential, lower corrosion current density, higher pitting potential and 
lower passive current density. 
 Highest polarization resistance and impedance was shown by 3 wt. % Si sample. 
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